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Abstract 
This thesis presents the results of studies to determine radionuclide deportment in the 
processing of the rare earth-containing ores, monazite and bastnasite, using both 
conventional and alternate processing routes. Both monazite and bastnasite contain 
naturally occurring radioactive material (NORM) from the 
232
Th, 
238
U and 
235
U decay 
chains. The behaviour of the 
232
Th decay chain radionuclides during processing was found 
to be well documented in the literature; however, data for the 
238
U and 
235
U decay chain 
radionuclides was sparse. A more thorough understanding of the behaviour of the uranium 
decay chain radionuclides is required so that the integrity of final products is maintained 
and also because of the need to meet regulatory requirements with regard to mineral 
processing, transport and workplace health and safety. In the initial phase of the work 
involving monazite and bastnasite processing, the high concentrations of rare earth 
elements in both solids and liquors hindered the accurate measurement of the uranium 
decay chain radionuclides. As a consequence, a study was conducted to investigate and 
develop possible alternate analytical procedures for separating the radionuclides from the 
rare earth elements. 
The initial study focussed on investigating radionuclide deportment during the extraction 
of rare earth elements from monazite, a rare earth phosphate mineral, using a caustic 
conversion process. Caustic conversion is the most commonly used processing route for 
monazite. After conversion, the rare earth hydroxide intermediate was leached with 
hydrochloric acid to produce a rare earth chloride liquor, which also contained radium 
isotopes as well as 
210
Pb, 
231
Pa and 
227
Ac. The impurity radionuclides were removed using 
precipitation processes. In this study the deportment of uranium decay progeny, including 
231
Pa and 
227
Ac, was elucidated for the first time, and a comparison between the 
deportment of 
230
Th and 
226
Ra from the 
238
U decay chain and 
228
Th and 
228
Ra from the 
232
Th decay chain was made. The study also highlighted how radioactivity can concentrate 
in mineral processing streams even when the concentration in the feedstock is low.  
In a second investigation, an alternative route was developed for recovering rare earth 
elements from a bastnasite-containing ore. Bastnasite, a rare earth fluorocarbonate mineral, 
is the main source of refined rare earth elements and is produced at the Mountain Pass 
mine in California and the Bayan Obo mine in China using a sulfuric acid bake route and 
xv 
caustic conversion route, respectively. The bastnasite ores from these mines are able to be 
beneficiated to produce high grade concentrates containing 50 to 60% rare earth oxide 
content; however, not all ores may be amenable to concentration by physical beneficiation. 
The objective of this study was to develop a hydrochloric acid leach route for extracting 
rare earth elements from a low-grade bastnasite-containing ore, with the aim of producing 
a concentrated rare earth chloride liquor of suitable purity to feed a solvent extraction 
rare earth separation refinery, and to monitor radionuclide deportment through the process.  
Direct hydrochloric acid leaching of the ore in both a single-stage and a two-stage 
counter-current leaching approach was investigated. To the author’s knowledge, this is the 
only example of counter-current leaching being applied to a low-grade bastnasite ore. Acid 
consumption in the two-stage counter-current leach was decreased by 25% compared with 
single-stage leaching of the same ore, while rare earth element extractions were maintained 
or even improved. Oxalate precipitation from the chloride leach liquor was then used to 
selectively recover the rare earth elements and to reject impurity elements. The rare earth 
oxalate precipitate was converted to a rare earth hydroxide by metathesis. Following mild 
hydrochloric acid leaching of the rare earth hydroxide, a rare earth chloride leach liquor, 
potentially suitable as a feed for solvent extraction, was successfully generated. 
The deportment of both the thorium and uranium decay chain radionuclides during 
chemical processing of the bastnasite-containing ore by the alternative route was studied. 
Since radionuclide deportment during caustic conversion and mild hydrochloric acid 
leaching was expected to be similar to that of the monazite study, radionuclide deportment 
in these two stages was not investigated. Only the waste and product streams from the acid 
leaching and oxalate precipitation steps were characterised. The results presented are, to 
the author’s best knowledge, the first time in which the deportment of all radionuclides in 
the 
238
U and 
235
U decay chains have been reported for the direct hydrochloric acid leaching 
of a bastnasite-containing ore and for the precipitation of a rare earth oxalate from a 
chloride leach liquor. The results showed that hydrochloric acid leaching resulted in 
extraction of most of the radioactivity into the chloride leach liquor. Although oxalate 
precipitation was found to be very selective for the rare earth elements (rejecting 
significant amounts of elemental impurities such as iron and aluminium), radioactive 
impurities, including thorium, were generally found to precipitate with the 
rare earth oxalates. The exception was the uranium isotopes, 
238
U and 
235
U, in which more 
than 85% was rejected in the oxalate precipitation. 
xvi 
The monazite and bastnasite-processing radionuclide deportment studies highlighted issues 
associated with the accurate measurement of radionuclides from the 
238
U and 
235
U decay 
chains in the presence of rare earth elements. In particular, the measurement of 
230
Th and 
210
Pb following radiochemical separation by an existing scheme was found to be deficient 
due to inadequate separation of rare earth elements from thorium and the inadequate 
separation of thorium from lead. The development of an improved radiochemical 
separation scheme for thorium and uranium formed the basis of the final part of this study.  
Initially, a series of solvent extraction and ion exchange scoping studies were conducted 
and the behaviour of thorium, uranium, lead, polonium and the rare earth elements with 
tributyl phosphate (in xylene) and the cation-exchange resins AG50W-X4 and 
AG50W-X12 was investigated. An alternative radiochemical separation scheme was then 
proposed involving sequential solvent extraction of uranium and thorium with 
tributyl phosphate, followed by ion exchange purification of the uranium and thorium 
fractions with AG50W-X12 and AG1-X8 resins, respectively. 
To the author’s best knowledge, this is the only example of a radionuclide separation 
scheme which has been developed specifically for the separation of thorium and uranium 
from samples containing high concentrations of the rare earth elements. More than 99.9% 
separation of thorium and uranium from various other elements, including the rare earth 
elements (6 to 40 g L
-1
) and lead, was obtained using this method. Uranium recoveries 
were 80%. Thorium recoveries were only 30%, but they are nevertheless an improvement 
on recoveries using the existing radiochemical separation scheme (less than ten percent). 
1 
Chapter 1: Literature Review 
1.1 Preliminaries 
The rare earth elements (REE) are the 17 chemically similar elements that consist of the 
lanthanides, scandium and yttrium.
1
 The lanthanides are the series of elements from 
lanthanum to lutetium that are part of Group III of the Periodic Table and have 
atomic numbers 57–71. The REE may be divided into three categories: light rare earth 
elements (LREE, lanthanum–neodymium); middle (or medium) rare earth elements 
(MREE, samarium–gadolinium) and heavy rare earth elements (HREE, terbium–lutetium). 
Despite being known as ‘rare’ earths, the metals are in fact more abundant in the earth’s 
crust than other well-known metals including molybdenum, tin, uranium, and lead.
2
 More 
than 200 minerals are known which contain at least 0.01% (w/w) REE, but few are 
commercially viable sources of these metals. Approximately 95% of the REE occur in 
only three minerals: monazite, bastnasite and xenotime. Bastnasite is the most abundant of 
these minerals, followed by monazite then xenotime.
3
 
In 2011, total world reserves of rare earth minerals were estimated at around 
110 x 10
6 
tonnes rare earth oxide (REO), with an estimated 55 x 10
6 
tonnes REO occurring 
in China alone. The distribution of reserves is shown in Table 1.1. 
Table 1.1: World rare earth reserves according to each nation.
4
 
Nation China CIS USA India Australia Brazil Malaysia Other 
REE Reserves (x 10
6
 t) 55 19 13 3.1 1.6 0.48 0.30 22 
The application of rare earths in industry and technology is ever-growing. Since their first 
use in the Auer gas mantle in 1891, applications of the REE have expanded into 
metallurgy, magnets, ceramics, electronics, chemical, optical, medical and nuclear 
technologies due to their special properties that include magnetism, luminescence and 
strength.
3,5 
As a result, global rare earth demand is growing rapidly, and is forecast to exceed 
180 000 tonnes of REO per year by 2016.
6
 In July 2010, China reduced its rare earth 
2 
export quotas by 40%, and global demand for the REE exceeded the world’s supply.7 
Export quotas were removed in 2015,
8
 but China continues to dominate and control the 
rare earth market. In 2013, approximately 90% of global rare earth output was produced in 
China.
9
 By 2016, it is expected that only about 60% of the required global output will be 
met by China, and up to 95% of output will be consumed by China alone.
6
 
An issue associated with rare earth production is that of natural radioactivity associated 
with the rare earth minerals. During chemical processing, radionuclides may become 
mobilised and concentrated in various product and waste streams.
10
 It is therefore 
important to understand radionuclide deportment during processing and to properly 
characterise the various product and waste streams in order to monitor and control 
potential exposure to workers and to members of the public, as well as for environmental 
protection and product quality purposes. 
This thesis presents the results of radionuclide deportment studies undertaken during the 
chemical processing of monazite and bastnasite using a conventional and an alternative 
processing route, respectively. In addition, an investigation into the development of a new 
radioanalytical method which counteracts difficulties associated with measuring 
radionuclides in the presence of high concentrations of the REE and other interferences is 
also described. In view of this, it is appropriate that pertinent aspects of rare earth 
chemistry and rare earth processing now be discussed.
*
 Radionuclide deportment in 
various chemical processing routes will be discussed at the beginning of the related 
chapters.  
1.2 Chemistry of the Rare Earth Elements 
The lanthanides have the valence shell electron configuration 6s
2
5d
1
4f 
n-1
 or 6s
2
4f 
n
. In the 
ground state, the electrons of the 4f and 5d orbitals have similar energies. The lanthanides 
are electropositive metals which commonly exist in the trivalent oxidation state (Ln
3+
). 
Other oxidation states are attained when the ion contains an empty (f
 0
), half-full (f
 7
) or 
filled (f
 14
) f subshell.
11
 The f electrons are tightly held by the nucleus, once the s and d 
electrons are removed. Thus Ln
3+
 ions have no frontier orbitals with directional preference, 
and bonding is due to the electrostatic attraction of ions.
11
 
                                                 
*
 A summary of some of the main decomposition routes for monazite and bastnasite is available in 
Appendix One.  
3 
The radii of the lanthanides decrease with increasing atomic number, from 103 pm for La
3+ 
to 86 pm for Lu
3+
 (Figure 1.1).
12
 This effect is known as the ‘lanthanide contraction’. As 
the 4f orbitals have poor shielding properties, the valence electrons are more susceptible to 
attraction by the nuclear charge.
11
 Repulsion between electrons as the number of 
valence electrons increases across the periodic table does not compensate for the 
increasing nuclear charge. Consequently, the effective nuclear charge (Zeff) is increased 
across the periodic table, resulting in the drawing-in effect on electrons. Subtle relativistic 
effects are also believed to contribute to the lanthanide contraction. 
 
Figure 1.1: Graph of ionic radii for trivalent and tetravalent (Ln
4+
) lanthanides showing 
the lanthanide contraction. Data obtained from Aylward and Findlay.
12
 
The lanthanide contraction leads to an increase in basicity across the periodic table.
3
 This 
variation in basicity is the basis of most of the fractionation procedures for separating the 
lanthanides from one another. Since the difference in basicity between adjacent 
lanthanides is very small, the separation of adjacent lanthanides is, in general, quite 
difficult.
3
 
The hydration enthalpies of the lanthanides are large and increase with increasing 
atomic number.
13
 Strongly coordinating ligands are required in order to obtain highly 
stable lanthanide complexes. Trivalent lanthanides have hard Lewis acid character and 
prefer to complex with hard bases and fluorine and oxygen-containing ligands, and 
bonding is predominantly ionic.
11,13
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1.2.1 Binary Ionic Compounds 
Binary ionic compounds including binary oxides, halides, hydrides and nitrides are formed 
by the REE.
11
  Their structure is determined by the size of the lanthanide ion, which 
typically occupies four to five times the volume occupied by a 3d-metal ion such as Fe
3+
.
11
 
The binary lanthanide oxides, Ln2O3 have moderately complex structures, typically with 
coordination numbers between six and seven. Lanthanide oxides which may transition 
between polymorphic structures as the temperature is changed are known.
11
 
Coordination geometry in the binary oxides is determined by the radius of the 
lanthanide ion, with the average cation coordination number in these structures decreasing 
with decreasing ionic radius.
11
 
Lanthanide(III) trihalides tend to have complex structures, in part reflecting the high 
coordination numbers of the cations. Structures may include tricapped trigonal prismatic 
(LaCl3), distorted tricapped trigonal prismatic (LnF3) and layer structures based on 
six-coordinate cubic close packing for heavier lanthanides (LnCl3).
11
  
In the nitride structure, the lanthanides adopt the rock-salt structure with alternating Ln
3+ 
and N
3-
 ions. Lanthanide hydrides adopt a fluorite structure based on the cubic close 
packed hydride ions, with lanthanide ions in the tetrahedral holes. These compounds 
exhibit metallic properties as the remaining valence electrons partially fill a 
conduction band.
11
 
Other ionic compounds of the REE, including hydroxide, perchlorate, carbonate, oxalate, 
phosphate, sulfate, borate, cyanide and thiocyanate species, are also known.
14
 Rare earth 
hydroxides (such as Lu(OH)3, (Figure 1.2)) are generally precipitated from a high pH 
solution as a gel and may be converted to oxides at temperatures greater than 200 °C.
15
 
 
Figure 1.2: Crystal structures of Lu(OH)3. Reproduced from Mullica and Milligan.
15
 
5 
Non-hydrated rare earth halides may be produced by reacting rare earth metals with halide 
gases.
14
 Rare earth fluorides have a very low solubility (pKsp ranging from 15–19) and 
may form hexagonal crystal (lanthanum–terbium) or orthorhombic crystal       
(dysprosium–lutetium, yttrium) systems.14 Rare earth chloride hydrates form triclinic 
(lanthanum, cerium and praseodymium); and monoclinic (neodymium–lutetium, yttrium) 
crystal systems. Cerium forms a nine-coordinate dimer with formula, 
[(H2O)7Ce(µ2-Cl2)Ce(H2O)7]Cl4 which has a destroyed mono-capped square antiprism 
configuration (Figure 1.3).
14
 
 
Figure 1.3: Structure of the [(H2O)7Ce(µ2-Cl2)Ce(H2O)7]
4+
 dimer in hydrated 
cerium chloride. Reproduced from Huang.
14
 
Rare earth sulfate compounds have the formula RE2(SO4)3.nH2O, where n is most 
commonly nine for lanthanum and cerium, and eight for praseodymium to lutetium, as 
well as yttrium.
14
 Anhydrous compounds may be formed by heating at 155–260 °C, 
however the anhydrous compounds may re-absorb water and again form hydrous 
compounds.  
Rare earth oxalates are often precipitated with oxalic acid. Their solubility in neutral 
solutions is very low (10
-3–10-4 mol L-1).14 The precipitate has the formula 
RE2(C2O4)3.nH2O, where n is ten for lanthanum to erbium and yttrium, and six for 
holmium, erbium, thulium, ytterbium to lutetium and scandium. 
6 
1.2.2 Ternary and Complex Oxides 
As the lanthanides yield large, stable, trivalent cations with relatively small variation in 
their ionic radius, they can be accommodated in both ternary oxides as well as in more 
complex oxides such as perovskites. For example, lanthanum may be substituted into the 
cation position of the ABO3 type perovskite, to form LaFeO3.
11
 
The garnet structure adopted by materials of stoichiometry M3M2´(XO4)3 (where M and 
M´ are usually divalent or trivalent cations, and X is Si, Al, Ge, Ga etc.) has 
eight-coordinate sites that can be occupied by lanthanide ions. On the other hand, the 
spinel structure contains small octahedral and tetrahedral holes in the close-packed O2
-
 
array which cannot be occupied by lanthanide ions.
11
 
1.2.3 Coordination and Organometallic Compounds 
Lanthanides exhibit a variety of coordination numbers and coordination environments, due 
to the fact that the f electrons are buried in the electron shell and do not have significant 
stereochemical influence. As a result, ligands adopt coordination positions that minimise 
ligand-ligand repulsions.
11
 Thus both coordination saturation and interligand repulsions are 
factors that act together to produce a given coordination geometry. As mentioned earlier, 
the trivalent lanthanide ions are hard Lewis acids which prefer to bind to ligands bearing 
hard donor atoms – very often oxygen. A very large number of such “classical” 
Werner-type complexes have now been reported, often displaying high coordination 
numbers of eight and above. 
Since the 5d orbitals are empty and the 4f orbitals are buried, the organometallic bonding 
mode of the lanthanides is limited. The strong electropositive nature of the metals means 
they require ligands such as alkoxides, amides and halides.
11
 Examples of organometallic 
compounds include cyclopentadiene and dinitrogen complexes of the lanthanides, which 
have applications as Ziegler-Natta catalysts for the polymerisation of alkenes.
11
 β-diketone 
and rare earth metal complexes containing anionic phosphorus ligands are also known.
14,16
 
Recently, polyphosphide complexes have been prepared incorporating 
pentaphosphaferrocene.
16
 The success of this synthesis is likely a consequence of the use 
of the softer divalent samarium ion. 
7 
A wide range of other ligand types that include bidentate and multidentate ligands 
including macrocyles (such as cucurbit[n]urils, calixarenes, porphyrins, phhtalocyanines), 
whose complexes are in part stabilised by entropic effects have now been reported to form 
complexes with the lanthanide ions.
13,17
 
1.2.4 Eh-pH (Pourbaix) Diagrams 
Eh-pH (or Pourbaix) diagrams provide visual summaries of the thermodynamic fields of 
stability for mineral or chemical species in terms of hydrogen ion activity (pH) and the 
activity of electrons (Eh). Eh-pH diagrams illustrate reactions which involve proton 
transfer (e.g., hydrolysis), electron transfer (oxidation or reduction) or both. Using Eh-pH 
diagrams, reaction conditions which favour dissolution or precipitation of minerals or 
chemical species may be predicted. 
Kim and Osseo-Asare investigated the aqueous stability of the REE in the                        
Th-, Ce-, La-, Nd-(PO4)-(SO4)-H2O aqueous system arising from monazite processing 
during sulfuric acid and alkaline (followed by sulfuric acid leaching) decomposition.
18
 The 
study found that lanthanum, cerium and neodymium hydroxides formed at pH > 7.5, and 
were easily dissolved at acidic to neutral pH (Figure 1.4). The stability of rare earth 
hydroxides with sulfuric acid was studied in the Th-, Nd-, Ce-, La-SO4-H2O system and 
found to decrease in the order of Ce > Nd > La and with increasing sulfate ion 
concentration, indicating a tendency to form stable solid rare earth sulfates. 
 
Figure 1.4: Eh-pH diagram for La in the Th-, Nd-, Ce-, La-H2O system at 25 °C. 
Reproduced from Kim and Osseo Asare.
18
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An investigation into the aqueous stability of amorphous and crystalline rare earth 
phosphates in the Th-, Nd-, Ce-, La-PO4
3-
-H2O system at 25 °C revealed that the 
thermodynamic stability field of rare earth phosphates increased with the degree of 
crystallinity.
18
 Amorphous rare earth phosphates were stable to pH 6, but stability was 
extended to pH 0–1 for crystalline rare earth phosphates. Dissolution of the REE from 
crystalline monazite is therefore difficult to achieve with just an acid proton, unless a 
suitable ligand such as the sulfate ion is present to complex the REE. This was confirmed 
in a subsequent investigation which revealed that the introduction of sulfate ions decreased 
the stability domains of the rare earth phosphates.
18
 Addition of large amounts of sulfate 
ion increased the stability regions of neodymium and lanthanum, while the 
cerium(III)/cerium(IV) equilibrium potential decreased indicating that oxidation of 
cerium(III) to cerium(IV) was becoming more favourable. 
1.3 Monazite 
Monazite is an anhydrous orthophosphate mineral which contains between 50–68% REO, 
and thorium.
3
 In particular, monazite contains large amounts of the LREE: including 
lanthanum (10–40% La2O3), cerium (20–30% Ce2O3), praseodymium and neodymium. A 
thorium content of 4–12% is most common for monazite. Uranium is also commonly 
present in monazite; however the concentration rarely exceeds 0.5%,
19
 and is typically 
between 0.1–0.3%.3 Monazite occurs as a brittle mineral, with a hardness index of 5–6 on 
Moh’s scale and a specific gravity which varies from 4.6–5.5, depending on the thorium 
content.
19
  
Monazite occurs as an accessory mineral in acidic igneous rocks, metamorphic rocks and 
in certain vein deposits. It may also form a detrital mineral in placer deposits and beach 
sands, reflecting its chemical stability. Important commercial sources of monazite are 
beach sands (which contain other minerals including ilmenite, rutile and zircon) and 
occasionally tin and gold deposits.  
Primary monazite deposits have been used as rare earth resources in a few instances, most 
notably at Bayan Obo in China.
3
 The most important deposits for monazite, however, are 
the beach sand deposits which are mined for ilmenite and zircon. The minerals are 
concentrated by gravity, magnetic, electrostatic and sometimes flotation separation steps.
20
 
9 
An example of a generalised flowsheet for the beneficiation of beach sands is shown in 
Figure 1.5.  
Monazite concentrate is currently processed in industry by Indian Rare Earths Limited 
(IREL) using a caustic conversion process (discussed in Section 1.3.2.1). 
 
Figure 1.5: Generalised flowsheet for the treatment of monazite sands for the recovery of 
ilmenite, leuxocene, monazite and zircon. Figure adapted from Aplan.
21
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1.3.1 Acid Treatment 
1.3.1.1 Sulfuric Acid Method 
Initially, the most widely used method for the decomposition of monazite involved 
digestion with sulfuric acid. A simplified flowsheet of the sulfuric acid decomposition 
process is shown in Figure 1.6. 
 
Figure 1.6: Simplified flowsheet of a typical sulfuric acid decomposition process.
†
 
During the sulfuric acid digestion method, monazite is finely ground to promote 
decomposition during chemical attack, and then reacted with concentrated sulfuric acid for 
up to eight hours. During the reaction, the REE and thorium phosphates are reacted with 
the sulfuric acid to form a deep-grey mud containing rare earth and thorium sulfates 
(Equation 1.1 and Equation 1.2).
18
 
Equation 1.1:              2REPO4(s) + 3H2SO4(aq) → RE2(SO4)3(s) + 6H
+
(aq) + 2PO4
3-
(aq) 
Equation 1.2             Th3(PO4)4(s) + 6H2SO4(aq) → 3Th(SO4)2(s) + 12H
+
(aq) + 4PO4
3-
(aq) 
A temperature of 200–230 °C and a sulfuric acid to monazite ratio of between 2:1 and 3:1 
(or an acid addition of 2–3 tonnes H2SO4/tonne monazite) is usually employed.
22-26
 
                                                 
†
 References to the processes presented in this flowsheet are presented in the accompanying discussion. 
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However, lower reaction temperatures (160 °C)
27
 and acid additions 
(1.5 tonnes 100% H2SO4/tonne monazite)
22
 have also been employed. In another 
investigation, a significantly short reaction time (30 minutes) was used to digest monazite 
after the reaction temperature was increased to 250–300 °C.24  
In the study by Takeuchi, decreasing sulfuric acid addition and increasing temperature was 
found to increase the required reaction time, and decreased the thorium recovery due to the 
formation of water-insoluble thorium pyrophosphate.
24
 The activation energy was 
approximately 4.2 kJ mol
-1
 suggesting that the reaction rate was controlled by diffusion of 
reactant through the reaction product formed on the surface of monazite particles.
24
  
Other methods involving leaching,
28
 baking,
29-35
 or curing
36
 of monazite with sulfuric acid 
have also been developed. The overall chemistry of these methods is the same as in the 
digest method; however baking is usually conducted at higher temperature (260–
350 °C),
30,31,33
 while acid addition to both the bake (1.2 tonnes 100% H2SO4)
30
 and cure 
(1.4 tonnes 100% H2SO4)
36
 is lower than digestion or leaching as the mixture is not stirred. 
A modification of the sulfuric acid decomposition route was introduced by Keetman
37
 and 
Hammond,
38
 who mixed barium salts with monazite before either digesting with 
1.5 tonnes H2SO4/tonne monazite
37
 or roasting
38
 with sulfuric acid to separate the 
228
Ra by 
co-precipitation with barium sulfate. Thorium sulfate also reported to the 
barium/radium sulfate residue and was difficult to recover so the process is unsuitable for 
commercial application when a thorium product is desired.
37
 
Following decomposition by baking, curing, digesting or leaching with sulfuric acid, the 
rare earth and sulfate-containing solid is leached in water. The temperature of the water 
leach is typically kept below 25 °C and results in the dissolution of the rare earth and 
thorium sulfates. The water leach solution also contains phosphate anions. Pilkington and 
Wylie reported using ten tonnes water/tonne monazite,
28
 while Borrowman and 
Rosenbaum reported using five tonnes water/tonne reacted mass.
36
 Water addition depends 
on the solubility of the resulting sulfates. In order to prevent the precipitation of 
octahedral crystals of hydrated sulfates which are difficult to redissolve, the water leach 
solution is not left standing for prolonged periods.
28,39
 
Johnson Matthey company
40
 and I.G. Farbenindustrie
41
 modified the conventional water 
leach procedure, in order to separate the REE from phosphate. Johnson Matthey company 
12 
added a relatively small amount of water to the digest paste and heated the mixture at 
boiling point to separate the phosphoric acid-containing (10–15%) liquor from the 
rare earth sulfate residue.
40
 I.G. Farbenindustrie cooled the bake mass to 0 °C before 
introducing it to methanol to precipitate the rare earth sulfates from phosphoric acid and 
excess sulfuric acid.
41
 The REE were then leached with water in the usual way. 
REE and Thorium Recovery Methods  
The REE and thorium may be recovered from the sulfuric-phosphoric acid solution using 
double sulfate precipitation,
28,36,39,40,42,43
 oxalate precipitation,
23,44-47
 fractional phosphate 
precipitation,
22,48
 solvent extraction
22,36,49,50
 and ion exchange.
26,51,52
 The various options 
for REE and thorium recovery are discussed below. 
In the method developed by Pilkington and Wylie, LREE double sulfates were precipitated 
by the addition of sodium sulfate (Equation 1.3).
28
 The rare earth double sulfates were then 
converted to hydroxides by metathesis with sodium hydroxide (Equation 1.4).
43
 
Equation 1.3          Na
+
 + RE
3+
 + 2SO4
2-
 + xH2O ↔ NaRE(SO4)2.xH2O 
Equation 1.4     NaRE(SO4)2.xH2O + 3NaOH ↔ RE(OH)3 + 2Na2SO4 + xH2O 
The HREE and thorium remained in the filtrate and crude thorium oxalate was produced 
by precipitating with oxalic acid solution at 90 °C.
28
 A similar process was also used in the 
study reported by Pearce et al.
39
 Urie investigated rare earth double sulfate precipitation on 
a semi-industrial scale plant and found that total REO and thorium oxide recovery to the 
sulfuric-phosphoric acid liquor following sulfuric acid leaching was 98%, but that the REE 
recovery was decreased to below 90% during the subsequent sulfate precipitation and 
hydroxide conversion steps.
42
 
Earlier, Powell
40
 patented a process for recovering the REE from sulfuric-phosphoric acid 
liquor which was similar to that of Pilkington and Wylie.
28
 However, in the process by 
Powell, phosphate was separated from the REE by boiling to precipitate rare earth sulfates 
before leaching the rare earth sulfates with cold water and conducting double sulfate 
precipitation.
40
 The process was complicated, involving multiple precipitations of the REE 
as double sulfate salts in order to remove impurities such as thorium. REE double sulfates 
13 
were then converted to hydroxides by metathesis with sodium hydroxide and leached with 
nitric acid to produce a rare earth nitrate liquor. 
Borrowman and Rosenbaum recovered the REE as double sulfates after separating the 
thorium from the sulfuric-phosphoric acid liquor by solvent extraction with 
Primene-JMT.
36
 The rare earth double sulfates were converted to hydroxides and then 
leached with sulfuric acid before extracting cerium(IV) from solution using Primene-JMT.  
Abreu and Morais developed a procedure for recovering REE from 
sulfuric-phosphoric acid leach liquor and obtaining a high grade cerium(IV) oxide.
43
 In 
this process, double sulfate precipitation of the REE was carried out and the rare earth 
sulfates were converted to rare earth hydroxides by metathesis with sodium hydroxide. A 
mixture of potassium permanganate and sodium carbonate was used to oxidise cerium(III) 
to cerium(IV), and to precipitate cerium(IV) hydroxide. 
Oxalate precipitation was used by Barghusen and Smutz to recover the REE and thorium 
from phosphate and uranium in the sulfuric-phosphoric acid liquor.
44,45
 After diluting this 
liquor with 4.5 parts water, the solution was adjusted to pH 1.5 using 
ammonium hydroxide and the REE and thorium precipitated as oxalates by the addition of 
oxalic acid. Habashi,
23
 Vatsala and Parameswaran,
46
 and Venkataramaniah et al.
47
 also 
separated thorium and the REE by the addition of oxalic acid to the sulfuric-phosphoric 
acid liquor. In the method employed by Venkataramaniah et al. a boiling hot oxalic acid 
solution was used to precipitate the REE and thorium oxalate.
47
 
Fractional precipitation of phosphates was used by the Ames Laboratory to recover 
concentrates of thorium, REE and uranium from Idaho monazite sands.
22
 In this process, 
ammonium hydroxide was used to separate thorium (pH 1.0), the REE (pH 2.3), and 
uranium (pH 6.0) phosphates. 
In the processes developed by the Lindsay Light Company, thorium was recovered by 
precipitation as a fluoride following hydrofluoric acid addition;
34
 or as an insoluble 
thorium sulfate which was formed either by decomposition of monazite in fuming 
sulfuric acid,
31,32
 or by repeated heating and cooling of the sulfuric acid bake mixture.
30
 
Solvent extraction using Primene-JMT was used for thorium and REE recovery directly 
from the sulfuric-phosphoric acid liquor in the AMEX (amine extraction) process 
14 
developed at Oak Ridge National Laboratory.
49
 Thorium recovery from the 
sulfuric-phosphoric acid solution by solvent extraction with tributyl phosphate (TBP) was 
investigated at the Ames Laboratories
22
 and by Audsley and Lind (UK Atomic Energy 
Authority).
50
 
Moustafa and Abdelfattah used Dowex 50W resin to separate the REE from thorium and 
uranium in the sulfuric-phosphoric acid leach liquor.
26
 Akhila Maheswari and 
Subramanian;
52
 and Prabhakaran and Subramanian
51
 investigated the extraction of thorium 
with novel ion exchange resins 4-ethoxy-N,N-dihexylbutylamide (EDHBA) grafted on 
polymer
52
 and di-bis(2-ethylhexyl) anchored on malonamide.
51
 
1.3.1.2 Other 
Other methods used for monazite decomposition include wetting with 8 M nitric acid,
53
 
digestion with perchloric acid,
54-56
 repeated digestion with hydrofluoric acid,
57,58
 refluxing 
with perfluoroalkane sulfonic acids,
59
 as well as digesting with concentrated 
phosphoric acid,
60
 or with mixtures of acids including hydrofluoric, hydrochloric and 
nitric acids (3:1:3),
61
 or nitric acid and sulfuric acid (1:1).
62
 These procedures have been 
used largely for analytical studies however, and are not suitable for industrial processing. 
Sulfuric acid decomposition was initially the main route by which monazite was 
chemically processed in industry to recover thorium, uranium and the REE.
22
 This method 
has a number of disadvantages, including low solubility of the sulfates requiring large 
dilutions of the leach liquor and inefficient separation of thorium and the REE.
63
 
Phosphate must also be separated from the REE downstream.
64,65
 Furthermore, the 
corrosive nature of liquors containing the mixed sulfuric-phosphoric acid lead to high 
maintenance costs for processing plants.
63
  
1.3.2  Alkaline Treatment 
1.3.2.1 Atmospheric and Autoclave Leaching with Sodium Hydroxide  
In view of the limitations associated with the sulfuric acid decomposition process, alkaline 
methods for processing monazite were developed for application by industry. In particular, 
alkaline treatment was found to be an attractive alternative to the sulfuric acid route, since 
phosphorus could be recovered at the beginning of the process (as the commercial 
15 
by-product, trisodium phosphate), eliminating the issue of rare earth 
occlusion/reconstitution with phosphate.  
The Societé de Produits Chimiques des Terre Rares showed that finely ground monazite 
was readily attacked by strong aqueous caustic solutions, and established the alkaline 
method (not patented until 1949).
66
 Approximately ten percent of the mixed 
bastnasite-monazite concentrate from the Bayan Obo mine is processed by caustic 
conversion,
67
 however, it must be noted that this concentrate is mostly bastnasite.  
During caustic conversion, monazite is reacted with concentrated caustic solution at 
150 °C for up to four hours to produce rare earth hydroxides and a trisodium phosphate 
by-product (Equation 1.5).
64,68
 Thorium phosphate present in the monazite undergoes the 
same reaction, forming thorium hydroxide (Equation 1.6).
68
 
Equation 1.5                         REPO4 + 3NaOH → RE(OH)3 + Na3PO4 
Equation 1.6                    Th3(PO4)4 + 12NaOH → 3Th(OH)4 + 4Na3PO4 
Afterwards, the rare earth hydroxide residue is normally leached with hydrochloric acid, 
producing a rare earth chloride liquor (Equation 1.7).
64
 
Equation 1.7                          RE(OH)3 + 3HCl → RECl3 + 3H2O 
The liquor also contains radium and lead which are removed by co-precipitating the 
radium with barium sulfate and precipitating lead as lead sulfide.
10,69-74
 Afterwards, the 
REE may be recovered by solvent extraction, ion exchange, precipitation, evaporation or a 
combination of these methods.
3,10
 A generalised flowsheet of the caustic conversion 
process is shown in Figure 1.7. 
In 1948, the Batelle Memorial Institute developed a ‘simple and efficient’ process for the 
recovery of both thorium and uranium from monazite sands.
75
 Finely ground monazite 
sand (70%, –75 µm) was reacted with concentrated caustic solution (50–70%) for one hour 
at 200 °C. The reaction was carried out at a caustic to sand weight ratio of 2:1, which 
corresponds to a caustic addition of two tonnes 100% NaOH/tonne monazite. 
Trisodium phosphate was removed by diluting the reaction mixture with water, and the 
rare earth hydroxide was dissolved in nitric acid. More than 95% of the sand was 
decomposed using this method.
75
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Figure 1.7: Simplified flowsheet of the conventional caustic conversion route for 
monazite (see page 15 for equations).
‡
 
Caustic leaching has also been carried out for the decomposition of Egyptian monazite; 
specifically for the recovery of thorium, uranium and cerium.
76-78
 Monazite sand is reacted 
with concentrated caustic solution at a caustic to sand ratio between 1:1 and 2:1, with the 
reaction being carried out for one to three hours at 140–200 °C.63,65,79 Decomposition of 
finely ground monazite is increased with decreasing size of the monazite grains and with 
increasing temperature. However, the reaction products are more difficult to solubilise 
when the caustic treatment is performed at high temperature.
80
  
The caustic conversion method has been used in industry by Indian Rare Earths Limited 
for the treatment of Indian monazite sands, and formerly by the Asian Rare Earth Sdn Bhd 
company. At the Indian Rare Earths plant, finely ground monazite (100%, –53 µm) 
sourced from the coasts of Travancore Cochin (India) is mixed with caustic soda lye and 
reacted at 140 °C for three to four hours at a stoichiometry of 1.5:1 (caustic to monazite).
81
 
Subsequently, the hydroxide residue is leached with hydrochloric acid at pH 3.2 and 
70 °C, generating a thorium hydroxide concentrate and rare earth chloride liquor. The 
                                                 
‡
 References to the processes presented in this flowsheet are presented in the accompanying discussion. 
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rare earth chloride liquor contains radium and lead, which are removed in a subsequent 
purification step. 
A joint Malaysian-Japanese monazite treatment plant was established in Malaysia in 1979 
(Asian Rare Earth Sdn Bhd).
82
 The plant used the conventional caustic treatment route to 
produce up to 4200 tonnes of the LREE and 550 tonnes of the HREE per year. The 
hydroxide residue was leached with hydrochloric acid and then solvent extraction with 
di-(2-ethylhexyl)phosphoric acid (DEHPA) was used to separate the individual REE. 
Although the plant operated successfully, it was eventually decommissioned due to 
community concerns relating to radioactivity.  
In a recent (2013) study, Amer et al. demonstrated the successful leaching of monazite 
concentrate with 40% sodium hydroxide solution for four hours at 140 °C. The liquid to 
solid ratio was 1.5:1, which corresponds to a caustic addition of 600 kg 100% NaOH/tonne 
monazite.
83
  
Studies involving the treatment of monazite with aqueous sodium hydroxide in an 
autoclave have also been conducted.
68,84-87
 In all of these studies, the caustic conversion 
was conducted for 140–200 °C for several hours, at a caustic to monazite ratio of between 
1:1
86
 and 1.5:1.
68,84,87
 In the method developed by Abdel-Rehim, rare earth hydroxide 
residue was leached with ammonium carbonate-bicarbonate solutions to separate the 
resulting soluble ammonium thorium and uranyl carbonate compounds from the sparingly 
soluble double carbonates of the REE.
84
 Kaneko et al. (Mitsubishi Chemical Industries, 
Japan) conducted the caustic conversion of monazite at 160 °C.
86
 Magnesium or 
calcium oxide was added to the trisodium phosphate liquor forming the calcium or 
magnesium phosphate, and sodium hydroxide was recovered. Miao and Horng used 
45% (w/w) caustic solution and conducted the reaction at 170 °C.
87
 This was lower than 
the typical caustic concentration [50–70% (w/w) sodium hydroxide], due to the higher 
pressure in the autoclave. 
Caustic conversion also has disadvantages, including high caustic consumption and 
difficulties in achieving sufficient purity in the trisodium phosphate stream. In addition, 
high calcium concentrations in the feed have been found to decrease caustic conversion 
efficiency.
88
 Furthermore, this treatment route requires the use of equipment which is 
resistant to both high temperature and high alkali concentrations. 
18 
1.3.2.2  Mechanochemical Decomposition with Sodium Hydroxide 
Soviet investigators combined the chemical processing and monazite grinding steps by 
adding caustic soda to decompose the monazite during grinding. Ball-milling resulted in 
break-down of the layers of reaction products forming around the mineral grains and 
decreased the caustic consumption by approximately 50% compared with a conventional 
caustic conversion procedure.
89
 In addition, lower reaction temperatures than required for 
sulfuric acid baking, sintering with caustic soda or chlorination and smelting (discussed 
later in this section) were required.
84
  
Optimum conditions for the treatment were similar to those reported by Bearse et al. for 
leaching monazite with a 500 g L
-1
 caustic solution at 200 °C.
75
 However, Meerson et al. 
decomposed monazite with solid sodium hydroxide in a heated ball mill at 130 °C.
89
 In the 
second stage, undissolved residue was reacted a second time with a solution of 
sodium hydroxide in the ball mill. Monazite was decomposed with a 650 g L
-1
 caustic soda 
solution. The method decreased caustic consumption by approximately 50% and achieved 
almost complete decomposition of monazite. 
A similar process was employed by Abdel-Rehim involving leaching of monazite with 
sodium hydroxide (150% stoichiometric), although in this process grinding and 
decomposition was combined as the reaction was conducted in a ball-mill autoclave at 
140–150 °C for two hours.85,90 When the temperature was increased to 175 °C, the reaction 
time was reduced to two hours.
68
 Thorium and uranium was recovered from the rare earth 
hydroxides by leaching with ammonium carbonate-bicarbonate solutions. In other studies, 
Kim et al.,
91
 reacted Korean monazite sand (100%, –212 µm) containing 59% REO and 
6.9% thoria in a ball mill with 25% excess sodium hydroxide for one hour at a much 
higher reaction temperature of 350 °C.  
Following mechanochemical decomposition of monazite, rare earth hydroxides are formed 
which may be leached with hydrochloric acid. A disadvantage of this method is that 
batch size is limited by the size of the ball mill. 
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1.3.2.3 Other Alkaline Treatment Routes 
Other monazite processing routes so far developed include fusion with 
sodium hydroxide,
75,80,87,92
 potash,
93,94
 sodium carbonate,
95
 and sodium peroxide;
96-98
 
sintering with sodium carbonate
80,99-101
 or calcium oxide;
102
 calcination with a 
sodium chloride-calcium chloride mixture;
103
 and mechanochemical decomposition with 
calcium oxide and calcium chloride.
104
 
Caustic fusion was first investigated at the Batelle Memorial institute. More than 96% of 
monazite was decomposed by this process, forming rare earth hydroxides and 
sodium phosphate. Several disadvantages were encountered however, including the need 
for high reaction temperatures (greater than 400 °C), solidification of the fusion melt (a 
significant material transfer issue), high sodium hydroxide consumption, and formation of 
refractory reaction products.
75
 These problems were also observed in related investigations 
by Miao et al.
87
  
Val’kov et al. decomposed ground monazite with a solution of potassium hydroxide at a 
mass ratio of monazite to potassium hydroxide of between 1:1 and 1:1.5 followed by 
heating and stirring in a reactor for two to four hours.
94
 Once again monazite was 
decomposed and formed rare earth hydroxides, while the phosphate yielded 
potassium phosphate. 
Sintering with sodium carbonate was first reported by Kurup and Moosath,
99
 and 
Kaplan and Uspenskaya.
80
 In this process, monazite was sintered in air with 
sodium carbonate at 750–900 °C for between two and four hours and the REE were 
converted to rare earth oxides (Equation 1.8).
80,99
  
Equation 1.8:            2REPO4 + 3Na2CO3 → RE2O3 + 3CO2 + 2Na3PO4 
In another study, sodium fluoride was also added to the sinter mixture to aid the 
decomposition of monazite.
101
 Sintering in the presence of sodium carbonate in a reducing 
and sulfidising atmosphere forming rare earth oxysulfides, trisodium phosphate and a 
mixed sodium and rare earth phosphate was employed by Merritt.
100
 Sintering with 
sodium carbonate presented a number of advantages including lower cost for the 
sodium carbonate compared with sodium hydroxide; in addition, the high reaction 
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temperature meant that sample grinding was not required.
80
 However, high temperatures in 
sintering can result in the formation of products which are difficult to dissolve.
80
  
Wu et al. studied the calcination of a monazite and bastnasite-containing rare earth 
concentrate (52% REO, 8.7% P2O5 and 9.8% fluorine) from Bautou with calcium oxide 
and a sodium chloride-calcium chloride mixture.
103
 Calcium oxide, sodium chloride and 
calcium chloride were mixed homogeneously before adding to monazite and performing a 
one-hour calcine at 510–700 °C. Under these conditions, bastnasite decomposed at 510 °C 
while 91% of the monazite decomposed at 700 °C forming the REO (Equation 1.9).
103
  
Equation 1.9                       3CaO + 2REPO4 → RE2O3 + Ca3(PO4)2 
Sodium chloride and calcium chloride were found to influence the decomposition of the 
minerals in their molten state by increasing the mass transfer between solid reactions (such 
as in the calcium oxide-monazite reaction).
103
 Consequently, the addition of the sodium 
and calcium chloride mixture reduced the temperature at which the decomposition of the 
mixed concentrate took place.
103
 
The decomposition of monazite (100%, –75 µm) with calcium oxide and calcium chloride 
(2:2:1) at 800 °C was studied by Kartha, who also found the decomposition was greatly 
improved by the presence of calcium chloride.
105
 
In a later investigation, Zhang et al. studied the mechanochemical decomposition of a 
West Australian monazite concentrate (50% REE, 7.0% thorium, 0.1 mm grain size) in a 
ball mill at room temperature with calcium oxide and calcium chloride (3:3:2 molar ratio) 
for 12 hours under an argon atmosphere to produce acid-soluble oxychlorides of the 
REE.
104
 Monazite was effectively decomposed and the rare earth oxychlorides were 
leached with 6 M nitric acid, but the leach was carried out for two hours at 85 °C. 
Since the above process does not require heating and resulted in satisfactory mineral 
decomposition, the authors considered it a potential alternative to the conventional 
acid/alkaline processing routes.
104
 Drawbacks of the process include significantly longer 
reaction times than required for traditional processing routes.
104
 In addition, leaching the 
rare earth oxychloride residue with 6 M nitric acid resulted in contamination of the REE 
with thorium.
104
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Olander and Eyal investigated the selective leaching of uranium and thorium from 
monazite using a bicarbonate-carbonate leaching solution and found that the actinides were 
dissolved non-uniformly with respect to each other and with respect to the phosphate 
matrix.
106
 
1.3.3 Chlorination 
Although acid bake and caustic conversion are the industrially preferred routes for 
monazite processing, several other routes have also been investigated for extracting REE, 
including high temperature chlorination,
107-111
 chemical vapour transport (CVT)
112,113
 or 
decomposing with an alkaline earth metal halide.
114,115
 
1.3.3.1 High Temperature Chlorination 
Hartley and Wylie first reported a method for the chlorination of powdered monazite sand 
(100%, –45 µm) that was briquetted with wood charcoal and reacted at 700 °C in a 
chlorine atmosphere.
107
 The chlorination of the REE was proposed to occur according to 
the reaction shown in Equation 1.10: 
Equation 1.10                 REPO4 + 3C + 3Cl2 → RECl3 + POCl3 + 3CO 
Subsequently, the REE were extracted with dilute nitric acid. About 90% of the REE were 
recovered, but the reaction was significantly slow beyond this point and thorium was also 
chlorinated and volatilised. More extensive details of the process were given in a further 
publication.
108
  
Gokhale et al.
109
 used a procedure similar to that of Hartley and Wylie
107,108
 to obtain a 
pure thorium chloride product from Travancore monazite sand at 900–950 °C. In this case, 
monazite sand, charcoal powder and a binding agent (sugar) in the ratio 5:1.5:2 were 
formed into briquettes and treated in a dry nitrogen atmosphere for seven hours at 750 °C 
to drive off phosphorus, titanium and iron chloride. The reaction temperature was then 
increased to 900 °C to distil off the thorium chloride. Although yields of approximately 
84% thorium chloride were obtained, the product contained a small amount of the REE. 
Sarma and Gupta found that an excess of 30% chlorine over the theoretical requirement 
was required for complete reaction of monazite using this process, with a maximum 98.5% 
efficiency being obtained based on rare earth chloride recoveries.
110
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Th. Goldschmidt A.G. Company, Germany developed an alternative chlorination method 
which had the advantage of recovering the rare earth chlorides from thorium chloride and 
other volatile impurities as a non-volatile melt.
111
 However, the temperature of the 
chlorination was increased to 1000 °C. 
The preparation of chlorides by chlorination in the presence of carbon provides a number 
of advantages over conventional methods that include the production of phosphate-free 
chlorides due to volatilisation of phosphorus oxychloride and the elimination of impurities 
in the mineral and carbon (for example iron, silicon, zirconium and tin) as volatile 
chlorides. Furthermore, the anhydrous chlorides can be extracted with water, non-aqueous 
solvents, or they may be recovered in a molten state.
107
 Advantages in carrying out 
chlorination reactions at temperatures greater than the melting points of the rare earth 
chlorides include increased overall reaction rate, recovery of a dense anhydrous rare earth 
chloride, the use of an unground monazite sand feed and effective separation of thorium 
from the rare earth chlorides as a volatile product (which may also be recovered).
116
 In 
general, high recovery of the REE is obtained, the process is simple and has low labour 
and space requirements; and capital costs are also low.
111
 A disadvantage of the process is 
that chlorine costs can be prohibitive if the sample contains many impurities (such as 
silica) which consume chlorine.
111
 In addition, the high temperatures of this process also 
increase operating costs. 
1.3.3.2 Chemical Vapor Transport (CVT) 
Murase et al. investigated the extraction of REE from monazite and xenotime concentrates 
using a combination of chlorination and CVT techniques.
112
 CVT involves the formation 
of halogen-bridged complexes that transport chemically low volatile metal halides (such as 
rare earth halides) through a temperature gradient in order to separate the metals.  
Monazite concentrate was chlorinated at 1000 °C using chlorine gas, with 
potassium chloride employed as the “vapour complex former”.112 A small amount of 
carbon and potassium carbonate was also added, and mixed with the vapour complex 
former and monazite concentrate. Two tubular electric furnaces were fitted around a single 
quartz tube reactor (Figure 1.8). The first furnace was used to heat the monazite mixture 
which was carried into the second furnace using a chlorine/nitrogen gas mixture once the 
desired temperature gradient had been reached. Rare earth vapourised complexes were 
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formed which decomposed along the temperature gradient of the reactor in general accord 
with the ionic radius of the metal and the related stability of the vapour complex.
112
 The 
HREE (including yttrium chloride) formed relatively stable CVT complexes due to their 
smaller ionic radii (and higher charge densities) and were deposited at 600–700 °C. On the 
other hand, the LREE had larger ionic radii and formed weaker CVT complexes which 
deposited at 800–900 °C. Impurities such as aluminium, iron, and zinc deposited at 
temperatures below 550 °C. As a result, CVT was successfully used to remove impurities 
from the REE by exploiting the volatility differences between the REE and impurity 
elements.
112
  
 
Figure 1.8: Layout of the chlorination apparatus for the CVT reaction.
112
 
Ozaki et al. used carbon powder and carbon tetrachloride instead of chlorine gas to extract 
the REE and thorium from monazite sand.
113
 Aluminium trichloride was used as a 
complex former to promote the chemical vapour transport of the REE. Although the use of 
carbon tetrachloride permitted the direct chlorination of monazite sand to be carried out 
under milder conditions than high temperature chlorination with chlorine gas, the process 
was less efficient. The reaction was found to occur at the boundary of the solid phase, with 
the kinetic control step being the reaction between carbon tetrachloride and the monazite 
core at the interface.
113
 A potential problem with this process is the highly carcinogenic 
nature of carbon tetrachloride. 
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1.3.3.3 Chlorination with Alkali Halides 
Kumar and Prasad investigated the decomposition of Indian monazite sand from Kerala by 
mixing and heating it with calcium chloride at 900 °C for three hours (see                  
Equation 1.11).
114,115
 
Equation 1.11                  3CaCl2 + 2REPO4 → Ca3(PO4)2 + 2RECl3 
The sintering reaction was performed at a calcium chloride to monazite ratio of 0.75:1. 
Only 69% of the theoretical recovery of metals was obtained, and this was believed to be 
due to the occurrence of a second reaction (Equation 1.12). However, the latter reaction 
was not observed when a reductant (such as sugar or charcoal) was used, and the required 
reaction was significantly enhanced.
114
 The rare earth chlorides were then leached with 
dilute nitric or hydrochloric acid. 
Equation 1.12                Ca3(PO4)2 + 2RECl3 → 3CaCl2 + RE2O3 + P2O5 
In a second investigation, Prasad and Kumar
115
 sintered Indian monazite sand (100%,         
–150 µm) in the presence of calcium chloride, at a sand to calcium chloride ratio of 
approximately 1:5. The decomposition of monazite with calcium chloride was found to be 
a surface reaction that was favoured by higher amounts of calcium chloride and higher 
reaction temperatures, as well as increased heating times. The rare earth chlorides were 
leached with dilute hydrochloric acid. 
Merritt separated the REE from thorium following mineral decomposition.
117
 Monazite 
was decomposed by reaction with calcium chloride and calcium carbonate in both a 
reducing and sulfidising environment at 980–1190 °C. Acid-soluble oxysulfide and 
oxychloride intermediate products were separated from gangue and thorium-rich oxide by 
leaching the mixture with dilute hydrochloric acid. Sintering monazite with an alkali halide 
provided a number of advantages over the caustic digestion process, including a shorter 
reaction time (0.75 hours) and the production of acid-soluble intermediates that were easily 
separated from the gangue. In addition, fine grinding of the monazite was not required.
117
 
The method did not improve thorium and REE separation relative to the caustic digestion 
process however, with only 90% of the thorium being isolated from the REE. In addition, 
phosphate was not separated from the REE using this process.
117
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1.3.4 Other Routes 
Other methods developed for decomposing monazite include fluorination,
118-123
 
thermal reduction
124-127
 and sulfation with sodium sulfate anhydride and carbon.
128
 These 
processes are all high temperature routes which are expensive and therefore unlikely to be 
commercially viable for rare earth production.  
During the fluorination process, monazite is fused with potassium hydrogen fluoride 
alone
118,119
 or in the presence of a second reagent such as anhydrous 
metaphosphoric acid (1:1)
120
 or sodium fluoride (3:1);
121,122
 or sintered with excess 
ammonium fluoride at 400–450 °C.123 During the fluorination process, the REE are 
converted to insoluble rare earth fluorides while the cation of the fluorinating agent 
presumably binds the phosphate. 
Thermal reduction processes involving reaction of monazite with an alkaline earth metal 
salt (magnesium, strontium or barium oxide or carbonate) or sulfur source (such as 
elemental sulfur, hydrogen sulfide or carbon disulfide), along with a carbon source (such 
as elemental carbon, carbon black, or a hydrocarbon such as ethylene or COx gases) to 
reduce the phosphate content from monazite to elemental phosphorus or 
phosphorus sulfide and recover the REE as either oxides
126,127
 or sulfides, have also been 
developed.
125
 Such a reaction is conducted at 1200–1500 °C. 124,126,127  
Similarly REE, thorium and uranium may be recovered by smelting monazite with 
sodium sulfate anhydride and carbon for one hour between 900–1000 °C to reduce the 
phosphate to elemental phosphorus and convert the REE to acid-soluble rare earth 
sulfides.
128
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1.4 Bastnasite 
Bastnasite is a rare earth fluorocarbonate mineral which contains 70% REO, up to 
0.2% ThO2 and negligible amounts of uranium.
3,10
 Bastnasite occurs as a finely divided 
grain or as a large phenocryst in carbonatites. Over the last 50 years, the mineral has 
replaced monazite as the main source of the REE due to the discovery and development of 
bastnasite deposits at the Mountain Pass mine in California (operated by Molycorp) and 
the Bayan Obo mine in China.
20
  
About 90% of Bayan Obo rare earth concentrates are currently processed using 
sulfuric acid (Section 1.4.1.1).
67
 Rare earth production at the Mountain Pass mine has been 
carried out since 2012 using a process based on leaching of bastnasite concentrate with 
caustic soda (Section 1.4.3).
129
 
1.4.1 Acid Treatment 
1.4.1.1 Sulfuric Acid 
The commercial process employed at Bayan Obo treats a blend of monazite and bastnasite 
concentrate. In order to maximise mineral decomposition, the mixed concentrate is baked 
with concentrated sulfuric acid at 200–500 °C and leached with water to dissolve the 
REE.
3,129-131
 The reaction is shown in Equation 1.13.
132
 Fluoride is complexed by acid 
protons forming hydrofluoric acid, while the REE are converted to rare earth sulfates 
which are then dissolved in water.
133
  
Equation 1.13     2REFCO3 + 3H2SO4 → RE2(SO4)3 + 2HF↑ + 2H2O + 2CO2↑ 
Other decomposition routes include curing, digestion and leaching with sulfuric acid. The 
presence of carbonate in bastnasite results in a vigorous reaction between the carbonate 
and acid which causes frothing. Consequently, acid addition during leaching must be 
controlled and tanks must be of an adequate size. A simplified flowsheet of a typical 
sulfuric acid decomposition process for bastnasite is presented in Figure 1.9. 
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Figure 1.9: Simplified flowsheet of a typical sulfuric acid decomposition process for 
bastnasite (see p. 26 for the relevant equation).
§
 
In an early investigation with Mountain Pass flotation concentrate (60% REO), bastnasite 
concentrate was digested in sulfuric acid (1.3 tonnes H2SO4/tonne concentrate) for 
four hours at 480 °C.
134,135
 Details regarding the equipment used in this study were not 
provided. As the reaction was exothermic, the rate of addition of concentrate was 
controlled and the temperature was allowed to increase only after frothing ceased. A 
similar process was applied to Mongolian bastnasite (30% REO) by Mioduski et al.
136
 
Sulfuric acid baking
133,137,138
 and curing
133
 have also been investigated from bastnasite ore 
and pre-concentrate from Turkey. In one investigation, ore was mixed with sulfuric acid 
leading to a rapid reaction that generated a hard mass which was then heated for two hours 
at 200 °C in a muffle furnace. About 90% of the REE were recovered on the 
stoichiometric addition of sulfuric acid (817 kg 100% H2SO4/tonne ore).
133
 In another 
study, a bastnasite pre-concentrate (90%, –25 µm) containing 28% REO was baked at 
200 °C with 890 kg 100% H2SO4/tonne ore.
138
 The calculated stoichiometric acid 
requirement was based on the reaction of the sulfuric acid with the bastnasite and gangue 
phases (including calcium carbonate, calcium fluoride, iron(III) oxide and 
manganese(II) oxide) with sulfuric acid.
133,137
 Up to 90% of the REE were recovered after 
                                                 
§
 References to the processes presented in this flowsheet are presented in the accompanying discussion. 
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curing bastnasite ore (100%, –75 µm) with 764 kg 100% H2SO4/tonne ore for 
one hour.
133,137
  
Due to the high solubility of the fluorocarbonate, direct sulfuric acid leaching at low 
temperature may be conducted on bastnasite. Direct leaching investigations have been 
carried out on bastnasite concentrate (15–20% REO) by Peak Resources, which is an 
Australian company that is currently developing the Ngualla bastnasite deposit in 
Tanzania.
139,140
 Topkaya et al. investigated direct sulfuric acid leaching on an ore 
containing ten percent bastnasite from Beylikahir, Turkey.
133,137
 Approximately 50% 
recovery of the REE was obtained after leaching the bastnasite ore with 
1.5 tonnes 100% H2SO4/tonne ore for three hours at room temperature.
133
 In another 
investigation, Mountain Pass bastnasite ore feed was pre-leached with 
ten percent hydrochloric acid to dissolve calcium minerals before leaching with 
concentrated sulfuric acid at 150 °C for four hours.
141
  
REE Recovery 
Double sulfate precipitation is most commonly used for REE recovery following 
sulfuric acid decomposition of bastnasite. Double sulfate precipitation has been used on 
bastnasite concentrate in China
3,129,130,142
 and on the bastnasite-containing pre-concentrate 
from Turkey.
138
 
Following direct sulfuric acid leaching of the bastnasite concentrate, Peak Resources 
recover the REE by double sulfate precipitation, followed by caustic conversion and 
hydrochloric acid leaching. Impurities such as iron are removed by adjusting the pH of the 
solution, and the rare earth-containing liquor is passed on to either a solvent extraction 
process or the production of a mixed rare earth carbonate (more than 99% purity, 
56% REO) (Figure 1.10).
140
  
Precipitation of the rare earth hydroxides directly from the water leach solution following 
decomposition with sulfuric acid has also been employed in the USA and China.
135,143
 The 
hydroxide residue may then be air-dried and leached with hydrochloric acid resulting in 
dissolution of the trivalent REE and leaving cerium(IV) oxide in the leach residue.
135
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Figure 1.10: Peak Resources REE recovery process. Reproduced from Peak Resources 
Pre-Feasibility Study report.
140
  
In addition, precipitation with oxalic acid followed by calcination to rare earth oxides may 
also be used to recover the REE.
141
 
Solvent extraction of REE, fluorine and thorium is becoming increasingly prevalent, and 
reports of solvent extraction recovery of these elements with Cyanex 923,
144
 
HEHEHP (2-ethylhexylphosphonic acid mono-2-ethylhexyl ester),
142,144,145
 
P507 (2-ethylhexylphosphinic acid 2-ethylhexylester),
130,146
 N1923 (particularly for 
thorium)
130,146
 and Primene-JMT
141
 have been made. Fluorine is a major contaminant and 
its recovery as a synthetic cryolite (Na3AlF6) product has been investigated by 
Wang et al.
142
 
1.4.1.2 Hydrochloric Acid 
In the Mountain Pass process operated by Molycorp until 2002, bastnasite concentrate was 
initially pre-leached with dilute hydrochloric acid to remove calcium and strontium 
carbonates.
3,135,147
 The residue was then roasted in air at 600–700 °C to oxidise cerium to 
the tetravalent state, resulting in the elimination of carbon dioxide and further 
concentrating the residue to 85–90% REO.3,135,147 The trivalent rare earths were leached 
with hydrochloric acid, producing a rare earth chloride liquor for solvent extraction and 
leaving behind a cerium(IV) residue. Since 2012 a new process for rare earth production 
based on leaching bastnasite concentrate with caustic soda has been employed.
129
 
Very few studies on the leaching of bastnasite by hydrochloric acid have been reported. 
The reaction of bastnasite with hydrochloric acid is similar to that with sulfuric acid. The 
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fluorocarbonate matrix is reacted with hydrochloric acid to produce a rare earth chloride 
liquor (Equation 1.14).
133
 
Equation 1.14                          REFCO3 + 3HCl → RECl3 + HF + H2CO3 
Hydrochloric acid is significantly more expensive than sulfuric acid however, and is not 
currently used in industry for bastnasite processing. 
Hydrochloric acid leaching of bastnasite was used in industry by Thorium Limited (UK), 
which operated until January 1976.
148
 In this process, bastnasite concentrate (70% REO) 
was leached (at an unspecified temperature) with an equal weight of 
concentrated hydrochloric acid for six to eight hours. A further amount of 
concentrated hydrochloric acid (40% of the dry weight of bastnasite) was then added and 
the reaction conducted at 100 °C for an additional four to six hours. During this time, a 
small quantity of 50% sulfuric acid was added to precipitate barium sulfate. Acid addition 
was approximately 1.4 tonnes HCl/tonne dry concentrate, which is significantly lower than 
in some of the later studies (discussed below). In addition, radioactive impurities were 
removed at the beginning of the process by the barium sulfate precipitation step. 
In 1965, Kruesi and Duker reported the leaching of Mountain Pass flotation concentrate 
(65% –45 µm) directly with 1.8 tonnes HCl/tonne ore at 90 °C for four hours.149 Although 
the leach temperature resulted in acid loss, it was nevertheless necessary for maximising 
mineral decomposition. Approximately 93% of REE were extracted by the 
hydrochloric acid leach, while the remaining REE reportedly formed (insoluble) fluorides 
and reported to the leach residue.  
Bian et al. studied the leaching kinetics of bastnasite concentrate (100%, –25 µm) 
containing 71% REO from the Mianning, Sichuan deposit.
150
 Leaching experiments were 
conducted with continuous stirring and an acid addition of 3.2 tonnes 100% HCl/tonne 
concentrate for 1.5 hours at 90 °C after which it was suggested that complete 
decomposition was obtained. In this study, leaching was proposed to conform to the 
following reactions (Equation 1.15 and Equation 1.16): 
Equation 1.15                   RE2(CO3)3 + 6HCl → 2RECl3 + 3H2O + 3CO2 
Equation 1.16                            REF3 + 3HCl → RECl3 + 3HF 
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The authors propose that bastnasite is a composite of rare earth carbonate and rare earth 
fluoride (2:1) and that acid consumption in the leach was increased by the presence of the 
more refractory rare earth fluorides. The leaching kinetics of the reaction were represented 
by a shrinking core model with diffusion through a product layer. The activation energies 
for the rare earth carbonate and rare earth fluoride were approximately 59 and 66 kJ mol
-1
, 
respectively. Based on the authors’ approximation that two-thirds of the rare earths in the 
bastnasite were carbonates, REE recovery was estimated to only be approximately 58%. 
More recently, Li et al. reported the direct leaching of Baotou mixed rare earth concentrate 
with a HCl–AlCl3 solution at 85 °C over 90 minutes.
151
 Leaches were stirred at 100 rpm 
and conducted in a glass vessel fitted with a condenser pipe and agitator. Bastnasite was 
dissolved using this procedure, however monazite and cheralite were not. It is believed that 
leaching with the mixed HCl–AlCl3 solution resulted in the formation of a stable 
aluminium fluoride ion (Kstab = 6.9 x 10
19
) which released the rare earth ions according to 
Equation 1.17. 
Equation 1.17                          2REF3 + Al
3+
 → [AlF6]
3-
 + 2RE
3+ 
Acid addition to the leach was quite high at 4.4 tonnes 100% HCl/tonne ore, and only 77% 
of the concentrate was found to have decomposed. 
Topkaya et al. investigated the direct leaching of bastnasite-containing ore (100%,             
–75 µm) using hydrochloric acid at room temperature over three hours.133 The 
stoichiometric acid requirement for leaching was calculated to be 71 kg 100% HCl/tonne 
(based on the reaction of hydrochloric acid with the bastnasite and gangue phases 
including calcium carbonate, calcium fluoride, iron(III) oxide and manganese(II) oxide); 
however, leach recoveries were less than 65% at an acid addition of 
570 kg 100% HCl/tonne ore. 
A hydrochloric acid leaching process was investigated by Girgin and Gunduz aimed at 
producing a marketable grade rare earth concentrate from a Turkish pre-concentrate          
(100%, –53 µm) containing 21% REO, 37% fluorite and 9.0% barite, using chemical 
processing methods.
152
 Leaching was carried out in mechanically agitated beakers, using 
2.5 M hydrochloric acid at a liquid to solid ratio of 20:1. More than 80% of the REE were 
leached after three hours at 55 °C. During the investigations it was found that rare earth 
dissolution was increased with decreasing solids density. Consequently, step-wise leaching 
32 
of the ore was investigated under the optimum conditions mentioned above. In the first 
step, the ore was leached with only part of the acid and the slurry was then filtered. The 
residue was leached in a second step with the remaining acid solution for a further 
three hours and the overall rare earth extraction was increased to 90%.
152
 This showed that 
a two-step leaching process may be used to increase REE recovery for the same 
acid consumption. 
1.4.1.3 Nitric Acid 
Direct leaching of bastnasite-containing ore (100%, –75 µm) with nitric acid was 
investigated over three hours at room temperature. The stoichiometric acid requirement for 
the leaching of the REE and calcite was calculated to be 124 kg 100% HNO3/tonne ore. 
Decomposition of the ore resulted in the production of rare earth nitrates; however, leach 
recoveries were less than 76% despite using 1.2 tonnes 100% HNO3/tonne ore. The 
proposed reaction for bastnasite with nitric acid is shown in Equation 1.18.
133
 
Equation 1.18:              REFCO3 + 3HNO3 → RE(NO3)3 + HF + H2CO3 
1.4.2 Air Roast and Atmospheric Acid Leach 
A number of methods for decomposing bastnasite ore or concentrate involving roasting, 
followed by leaching with hydrochloric or sulfuric acid, have also been developed. Air 
roasting oxidises the cerium(III) to cerium(IV) oxide and results in evolution of 
carbon dioxide. 
As cerium(IV) is insoluble in hydrochloric or nitric acid, cerium can be separated by 
subsequent acid dissolution of the trivalent REE. Elimination of carbon dioxide minimises 
frothing on acid addition. Such a procedure was employed in the Molycorp processing 
plant for europium oxide production from bastnasite flotation concentrate,
153
 and by 
Grace,
154
 who roasted Mountain Pass concentrate (70% REO) at 540–820 °C for up to 
four hours in order to eliminate carbon dioxide and to concentrate the sample to 
approximately 90% REO before leaching with 250–500 kg 100% HCl/tonne concentrate 
under atmospheric conditions. A cerium concentrate which was 80–90% pure was 
produced following dissolution of the trivalent REE.
154
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In Chinese studies, bastnasite was roasted at 500–600 °C and then leached with 
hydrochloric acid
142,145
 or with sulfuric acid.
144,145,155
 Solvent extraction was used to 
separate fluoride, cerium and thorium from the leach liquor.
142,144,145,155
  
In a study by Baroch, Mountain Pass bastnasite ore containing 10% bastnasite and 
25 to 35% (w/w) calcite was calcined at 800–900 °C for up to four hours to eliminate 
carbon dioxide and then leached with concentrated nitric acid for one hour resulting in the 
formation of rare earth nitrates.
156
 Hydrogen peroxide, powdered iron or magnesium was 
added to the slurry to reduce the cerium(IV) to the trivalent state, and more than 99% of 
the REE were leached with 2.2 tonnes HNO3/tonne ore.  
1.4.3 Alkaline Treatment 
Rare earth production at the Mountain Pass mine resumed in 2012, using a new process 
based on leaching of bastnasite concentrate with caustic soda.
129
 Few details about this 
process are available in the literature at present. A rare earth hydroxide intermediate is 
produced which is leached with hydrochloric acid. The liquor is purified and then proceeds 
to solvent extraction for rare earth separation. The current process provides a number of 
advantages including minimising solid waste production, and separation of fluorine as 
sodium fluoride thus preventing the formation of hydrofluoric acid.  
Very few investigations have been carried out on the decomposition of bastnasite using an 
alkaline process. In one Japanese study, Iijima et al. investigated the oxidative 
decomposition of Molycorp bastnasite (70% REO) employing molten sodium hydroxide in 
a continuous process.
157
 The fusion was conducted at 350 °C using 
five tonnes NaOH/tonne bastnasite for ten minutes in order to reduce the viscosity of the 
melt. The melt was dissolved in water and then leached with hydrochloric acid. The 
decomposition of bastnasite in molten sodium hydroxide at atmospheric pressure was 
greater than 90%, and proceeded through two steps (Equation 1.19 and Equation 1.20):  
Equation 1.19             REFCO3 + 3NaOH → RE(OH)3 + NaF + Na2CO3 
Equation 1.20                     2Ce(OH)3 + 0.5O2 → 2CeO2 + 3H2O 
In a subsequent study, Zhang and Saito reacted bastnasite [57% (w/w) REE] with 
sodium hydroxide, using a non-thermal mechanochemical decomposition process.
158
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Bastnasite and sodium hydroxide (670 kg NaOH/tonne bastnasite) was mixed and milled 
for up to two hours under atmospheric conditions, using a planetary ball mill. At the end of 
this time, the rare earth hydroxide, sodium fluoride and sodium carbonate were dissolved 
in water and the solution was filtered. Bastnasite decomposition was measured by the 
amount of fluoride contained in the filtrate, and was found to have reached a maximum of 
70% after milling for one hour.
158
 
Another variation used to decompose bastnasite involves reacting it with 
sodium carbonate. The method has been applied to the processing of both Baotou
159,160
 and 
Sichuan
161
 bastnasite. At the Baotou Research Institute of Rare Earth Elements, workers 
investigated the roasting of bastnasite concentrate containing 68% REO, 0.4% thoria and 
1.5% hematite with sodium carbonate at 600–750 °C.159 In this process, rare earth 
fluorides present in the bastnasite sample are converted to soluble rare earth carbonates 
and then leached with acid (see Equation 1.21).
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Equation 1.21                   2REFCO3 + Na2CO3 → RE2O3 + 2NaF + 3CO2 
In the process developed by Chi et al., Sichuan bastnasite concentrate (70% REO) was 
milled with 200 kg sodium carbonate/tonne concentrate before roasting at 500 °C for 
one hour.
161
 The process was especially advantageous as it produced a high-grade 
cerium (95%) powder which did not require further upgrading. Furthermore, operating 
costs were low and a high cerium recovery (91%) was obtained. 
More recently, Bian et al. reported the decomposition of a Baotou mixed monazite and 
bastnasite blend using a mixture of calcium and sodium hydroxide.
163
 The authors found 
that the bastnasite decomposed and the cerium was oxidised at 350–480 °C, while at    
500–660 °C, monazite and the rare earth oxyfluoride intermediates were dissolved by the 
calcium hydroxide. Optimum roasting time was 30 minutes. 
1.4.4 Roasting with Ammonium Chloride 
Over the last fifteen years, bastnasite processing methods associated with shorter and more 
environmentally benign flowsheets have been the subject of investigations in China. Of 
particular concern is the discharge of fluorine and sulfur to the environment, leading to 
contamination of surface and groundwater.
142,146
 This has focussed on developing 
environmentally better methods for decomposing bastnasite, and has resulted in the 
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development of a method in which bastnasite is roasted with ammonium chloride. Based 
on this approach, Zhu et al. reported a process in which bastnasite ore (100%, –75 µm) 
sourced from Baotou and containing 17% REO and 2.8% fluoride was defluorinated by 
calcining with sodium carbonate for 30 minutes at 650 °C, using a sodium carbonate 
addition of 250 kg/tonne ore.
162
 Following this, the calcine was roasted with 
one tonne NH4Cl/tonne ore and washed with hot water (75 °C) to extract the REE (see 
Equation 1.22 and Equation 1.23): 
Equation 1.22                            NH4Cl   
𝟑𝟐𝟖 °𝑪
→      NH3 ↑ + HCl ↑ 
Equation 1.23                         RE2O3 + 6HCl → 2RECl3 + 3H2O 
As cerium fluorocarbonate had been oxidised to cerium(IV) oxide in the defluorination 
step, the step represented by Equation 1.24 then proceeded: 
Equation 1.24                      2CeO2 + 8HCl → 2CeCl3 + Cl2 + 4H2O 
More than 95% of the REE were recovered following a final water leach. 
In later investigations, a preliminary roast at 500–600 °C for up to one hour in the presence 
of a fluorine fixating agent such as magnesium oxide was conducted to capture fluoride as 
a water-insoluble magnesium fluoride compound and prevent downstream contamination 
of the REE.
143,164
 The bastnasite was then roasted with ammonium chloride. Chi et al. 
conducted the ammonium chloride roast at 325 °C for one hour, after which more than 
90% of the REE were recovered.
164
 This process had a number of advantages including 
simple operations, low operating costs and roasting temperatures, as well as high recovery 
and purity (94% REO) of the rare earth product.
164
 Therefore the process could potentially 
be implemented in industry. 
1.4.5 Metallothermic Reduction 
In 2014, Topkaya et al. reported the metallothermic reduction of an agglomerated 
bastnasite pre-concentrate (24% REO) employing a calcium oxide mixture with 
ferrosilicon and aluminium.
165
 The mixture was smelted in an induction furnace, but 
rare earth recoveries were in general low using this process. 
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1.5 Caustic Conversion vs. Sulfuric Acid Decomposition of Monazite 
and Bastnasite 
From this literature review it can be seen that caustic conversion and sulfuric acid 
decomposition are most commonly employed for the recovery of the REE in industry. Of 
these two methods, caustic conversion appears more suitable for industrial application for 
both monazite and bastnasite for a number of reasons.  
Caustic conversion involves fewer steps than the sulfuric acid route, proceeding from the 
mineral to a rare earth hydroxide intermediate before selectively leaching the REE from 
thorium under mild conditions and producing a rare earth chloride liquor. The phosphate 
or fluoride component of monazite and bastnasite, respectively, is removed at the 
beginning of the process as a potentially commercial by-product (sodium fluoride or 
sodium phosphate) which simplifies downstream processing. The sulfuric acid method, 
however, involves many more steps, proceeding with bake/digest/leach of the ore followed 
by leaching of the rare earth sulfate mass with cold water. The REE are precipitated as 
rare earth double sulfates before being converted to rare earth hydroxides by metathesis 
and then leached with acid. The low solubility of the sulfates means that the decomposed 
rare earth sulfate mass must be leached with large quantities of water. Furthermore, 
sulfuric acid decomposition results in inefficient separation of thorium and the REE, and 
phosphate and fluoride must be separated from the REE downstream. Finally, it is noted 
that a further advantage of the caustic conversion process is that it employs lower reaction 
temperatures (140–150 °C) than in sulfuric acid decomposition (200–230 °C). 
Caustic conversion is currently employed by industry for REE production from monazite 
concentrate in India, and from bastnasite concentrate at Mountain Pass. 
37 
1.6 Summary and Significance 
The REE are important metals which form a range of compounds/complexes that have 
broad and diverse applications in technology. Over the last 50 years, bastnasite has 
eclipsed monazite as the main rare earth resource. The preceding review of the literature 
reveals that several methods have been developed for extracting the REE from monazite 
and bastnasite; however decomposition using sulfuric acid or caustic conversion/alkaline 
leaching is most commonly employed by industry. Currently, China is the world’s largest 
producer of the REE. As global demand for the REE continues to grow, increasing 
rare earth production will commence in other world areas. Since rare earth-bearing 
minerals are also associated with radioactivity, information on radionuclide deportment 
during chemical processing will be of importance to new REE producers.  
Currently, there is very little information on radionuclide deportment during the various 
rare earth processing routes available in the literature. The following chapters of this thesis 
present the results of investigations into the deportment of radioactivity during the 
caustic conversion route which is used in India for the production of REE from monazite. 
An alternative route for extracting REE from a bastnasite-containing ore is developed, and 
the deportment of radioactivity in this route is also presented. Finally, a new method is 
proposed for measuring radionuclides from the naturally occurring decay chains in the 
presence of high concentrations of REE and thorium decay chain radionuclides. This 
method is of particular importance as existing radiochemical analysis methods have been 
discovered during the course of the author’s project to be generally unsuitable for 
measuring radionuclide concentrations in samples containing elevated REE and thorium 
decay chain radionuclide concentrations, in particular. 
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Chapter 2: The Deportment of Uranium 
Daughters in Monazite Processing using an 
Existing Caustic Conversion Route 
2.1 Introduction 
Monazite is an orthophosphate mineral which contains between 50–68% REO. The 
mineral is particularly enriched in the LREE, and is the second most abundant source of 
the REE after bastnasite.
1
 Countries including India, Brazil, Australia, the USA, 
South Africa, Sri Lanka, Malaysia, China and Taiwan are currently engaged in or 
investigating the extraction and/or production of REE from this source.
2
 Monazite also 
contains between 4–12% thorium and up to 0.3% uranium and is therefore generally 
considered to be a naturally occurring radioactive material (NORM).
1,3
 
Monazite is commonly processed using a caustic conversion route such as that used by the 
IREL Plant at Udyogamandal, Kerala.
4
 Monazite is reacted with concentrated caustic 
solution at 150 °C for three to four hours to produce a rare earth and thorium-containing 
hydroxide intermediate (residue) and a trisodium phosphate by-product, according to 
Equation 2.1 and Equation 2.2.
4,5
 
Equation 2.1                         REPO4 + 3NaOH → RE(OH)3 + Na3PO4 
Equation 2.2                    Th3(PO4)4 + 12NaOH → 3Th(OH)4 + 4Na3PO4 
The rare earth and thorium-containing hydroxide residue is then leached with 
hydrochloric acid at pH 3.2 to selectively extract the REE, yielding a rare earth chloride 
liquor and a concentrated thorium-containing hydroxide leach residue 
(thorium concentrate) (Equation 2.3). The thorium concentrate contains more than 99% of 
the thorium present in the rare earth and thorium-containing hydroxide residue.
5
  
Equation 2.3                          RE(OH)3 + 3HCl → RECl3 + 3H2O 
Radium and lead are also found as impurities in the rare earth chloride liquor and are 
subsequently removed by co-precipitation as barium/radium sulfate and as lead sulfide. 
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The resultant waste solid is known as ‘mesothorium’ or ‘mixed waste’ cake, and contains 
228
Ra, 
226
Ra, 
210
Pb and 
210
Po.
3-9
 The purified rare earth chloride liquor is then processed by 
solvent extraction, ion exchange, precipitation or a combination of these processes.
1,3
 
Although thorium decay chain deportment is well understood in the caustic conversion of 
monazite, little information has been published on the deportment of the uranium decay 
chain radionuclides.
10,11
 Understanding the deportment of all radionuclides is, however, of 
particular importance for ensuring product quality and also for assessing workplace health 
and safety (WHS) for workers, and potential exposure to the general public, in accordance 
with the International Atomic Energy Agency (IAEA) safety standards.
12-16
  
The main aims of this study were to replicate a conventional monazite processing route 
and to investigate the deportment of radionuclides from the uranium decay chain 
throughout the process. The deportment of uranium decay progeny, including 
231
Pa and 
227
Ac, was elucidated for the first time and the deportment of 
230
Th and 
226
Ra was 
compared with that of 
228
Th and 
228
Ra in the 
232
Th decay chain. 
2.2 Experimental 
A description of the instrumentation and analytical procedures used in undertaking the 
studies in this chapter, and those in subsequent chapters of this thesis, is given in 
Section 2.2.1. Unless otherwise stated, all instrumentation was located at the 
Australian Nuclear Science and Technology Organisation (ANSTO), Sydney. The 
experimental conditions used for monazite processing are given in Section 2.2.2. 
Nuclear decay data is provided in Appendix Two. 
2.2.1 Instrumentation 
Delayed Neutron Analysis (DNA) 
Analysis of 
238
U in solids was carried out using the DNA facility at the 
Open Pool Australian Lightwater (OPAL) nuclear research reactor at ANSTO. Samples 
were accurately weighed into high purity polyethylene containers and irradiated for 
60 seconds, according to established procedures.
17
 The analytical error in DNA is 
dependent upon sample size and total counts, and was typically ± 5%. The REE, in 
particular, samarium and gadolinium, have very high thermal neutron cross sections and 
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were responsible for neutron absorption interferences.
18
 Consequently, values obtained for 
uranium using DNA in some samples, for example monazite, were typically approximately 
50% lower than the expected value. 
Neutron Activation Analysis (NAA) 
Analysis of 
232
Th in solids was carried out using the facilities at the OPAL nuclear 
research reactor at ANSTO. Samples were accurately weighed into high purity 
polyethylene containers, irradiated for nine hours and counted after 28 days, according to 
established procedures.
19
 Standards containing a known amount of 
232
Th were also 
irradiated and counted under the same conditions. The k0-method of standardisation was 
used, which corrected for rare earth interferences. Analytical error in NAA was typically 
± 5%, however, 
232
Th concentrations in some samples, for example monazite, were 
typically approximately 50% lower than expected due to neutron absorption interferences 
from high concentrations of the REE. 
Gamma Spectrometry 
Gamma spectrometry was carried out using EG&G Ortec® HPGe n-type detectors/MCA 
systems according to established procedures.
20-23
 Detectors had relative efficiencies of    
20–60% and resolution (full width half maximum, FWHM) of 1.8 to 2.0 keV at 
1332 keV 
60
Co. A Maestro®-32 MCA Emulator was used to acquire sample spectra, and 
Ortec® GammaVision was used to analyse the spectra. Energy calibration was carried out 
using a standard 
226
Ra point source. Counting geometries were sealed 55 mm Petri dishes 
for solids and sealed 500 mL Marinelli beakers for liquors with a sample volume of 
450 mL. CANMET certified reference materials, BL-3 and OKA-2, were used to 
determine solid efficiency calibrations while BL-5 and OKA-2 were used to determine 
liquor efficiency calibrations. All samples were left for three weeks to allow for 
222
Rn 
ingrowth and then gamma counted for two days. Solid and liquor samples from the 
processing of monazite were retained for a further three months and recounted to obtain 
the 
227
Ac concentrations. 
In a number of cases, solid samples were diluted using silica prior to being sealed in 
55 mm Petri dishes to minimise the matrix interference effects from high concentrations of 
232
Th decay chain radionuclides. Similarly, liquor samples were diluted with 
deionised water prior to sealing in Marinelli beakers. 
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Density corrections in gamma spectrometry for radionuclides with energies below 100 keV 
(
210
Pb, 
234
Th and 
230
Th) were carried out using either a standard 
226
Ra point source or a 
self-absorption correction program, which used measured elemental concentration data. 
The gamma peaks used in the analyses were: 
210
Pb (46.50 keV), 
234
Th (63.28 keV),
 
230
Th (67.8 keV), 
235
U (205.31 keV) and 
231
Pa (302.67 keV). The concentration of 
226
Ra 
was inferred from its daughter peaks, 
214
Pb (351.90 keV) and 
214
Bi (609.32 keV). The 
concentration of 
227
Ac was inferred from its daughter peak, 
227
Th (236.00 keV), after 
secular equilibrium was established (three months). The concentrations of 
228
Ra and 
228
Th 
were inferred from their respective daughter peaks, 
228
Ac (911.07 keV) and 
212
Pb (238.63 keV). The analytical error in gamma spectrometry was typically ± 10%. 
Gamma spectrometry samples were analysed by Mr Gordon McOrist. 
Alpha Spectrometry 
Alpha spectrometry was used to determine the concentrations of 
210
Po and 
230
Th. 
Radioactive tracer solutions (
209
Po and 
229
Th, respectively) were used to monitor losses 
throughout the analyses. For 
210
Po analysis, solid samples were digested with 
hydrofluoric acid and aqua regia at 150 °C.
17
 Liquor samples were analysed ‘as received’ 
by taking an appropriate sample aliquot. Impurity elements were removed by solvent 
extraction with diethyldithiocarbamate [(DDTC), one percent, diluted in chloroform]. 
Polonium-210 was then autodeposited onto a silver disc prior to alpha counting. 
For 
230
Th analysis, solid samples were fused with sodium peroxide and then digested in 
dilute nitric and hydrofluoric acid. Liquor samples were analysed ‘as received’ by taking 
an appropriate sample aliquot. Impurity elements were removed by solvent extraction with 
DDTC (one percent, diluted in chloroform) and ion exchange with AG1-X8 (supplied by 
Bio-Rad Laboratories, Inc.) resin. Thorium-230, together with other thorium isotopes 
present in the final solution, were electrodeposited at 1 A for 1 h onto a stainless steel disc 
prior to alpha counting.  
Samples were alpha counted for up to 200000 seconds using silicon surface barrier 
detectors and Maestro®-32 MCA Emulator software to obtain sample spectra. The spectra 
were then analysed using Ortec® AlphaVision. The analytical error for 
210
Po was typically 
± 10%. The analytical error in the 
230
Th assays is discussed in Section 2.3.1.3.
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Beta Spectrometry 
Beta spectrometry was used to determine the concentration of 
210
Pb in selected samples for 
comparison with gamma spectrometry results. Solid samples were fused with 
sodium peroxide and then digested in dilute nitric and hydrofluoric acids. Liquor samples 
were analysed ‘as received’ by taking an appropriate sample aliquot. A known amount of 
standard Pb
2+
 solution was added to monitor losses through the analysis. Impurity elements 
were removed by carrying out solvent extraction with DDTC (one percent, diluted in 
chloroform). A mixed Pb/
210
Pb chromate was then precipitated from solution and mounted 
in a stainless steel counting planchette. The samples were stored for three weeks to allow 
ingrowth of 
210
Bi and then the high energy beta (max) emission from 
210
Bi (1161 keV) was 
counted using a Canberra 2404 Alpha/Beta/Gamma counting system. Total counting time 
was 300 minutes (3 cycles x 100 minutes).
17
 
A standard 
210
Pb/
210
Bi counting source was used to determine the beta counting efficiency 
of the instrument. A known amount of 
210
Pb/
210
Bi tracer solution was added to a standard 
Pb
2+
 carrier solution and precipitated as the chromate.
17
 The analytical error in 
beta spectrometry was typically ± 10%. 
X-Ray Fluorescence (XRF) Spectrometry 
Elemental concentrations in solid samples were measured using a wavelength dispersive 
Rigaku PrimusII spectrometer with a 4 kW rhodium tube (tube above optics). Solids were 
fused with lithium metaborate/tetraborate flux at 1050 °C for 15 minutes.
17
 The analytical 
error for XRF was typically ± 10%. Under the conditions selected for the calibration, high 
thorium concentrations (greater than five percent) saturated the detector, giving inaccurate 
results. XRF analysis was performed by Ms Ariunaa Altantsetseg. 
Fusion Digestion of Solids 
Solid samples were fused with lithium metaborate/tetraborate flux (for sodium and 
zirconium) or sodium peroxide (remainder of elements) at 1000 and 635 °C, respectively.
17
 
The fusion melts were then cooled to room temperature and dissolved in nitric acid and 
deionised water. Concentrated hydrofluoric acid was added and the solution was made to 
volume. Fusion/acid digestion followed by ICP analysis yielded more accurate results than 
XRF for the REE, thorium and uranium, in particular. 
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Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) 
Elemental concentrations in fusion and then acid digest solids and diluted liquor samples 
were obtained by ICP-OES using a Perkin Elmer Optima 5300DV instrument. An internal 
standard consisting of lutetium and rhenium was added to the samples before analysis.
17
 
The analytical error in ICP-OES was typically ± 10%. ICP-OES samples were analysed by 
Mr Damian Conroy and Mr Chris Chipeta. 
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 
Elemental concentrations in fusion and then acid digest solids and diluted liquor samples 
were obtained by ICP-MS using a Perkin Elmer Elan 9000 instrument. An internal 
standard consisting of bismuth and rhenium was added to the samples before analysis.
17 
The analytical error in the ICP-MS was typically ± 10%. ICP-MS samples were analysed 
by Mr Patrick Yee and Mr Chris Chipeta. 
X-Ray Diffraction (XRD) 
X-ray diffraction patterns of the monazite concentrate were collected using a PANalytical 
X’Pert Pro MPD X-ray diffractometer set up in Bragg Brentano mode. The instrument was 
equipped with a PIXcel detector, and Cu Kα radiation (λav 1.5406 Å). Data were collected 
between 5–80 ° 2θ using a step size of 0.033 ° and a counting time of 451.12 seconds, with 
the PIXcel detector in scanning mode (active length 3.35 °) and a nickel filter. Data 
analysis was performed using the PANalytical X’Pert HighScore software. XRD was 
performed by Dr Chris Griffith. 
Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN) 
QEMSCAN particle mineralogical analysis was undertaken using a Quanta 650 electron 
microscope controlled by iDiscover and iMeasure image analysis hardware/software.
24,25
 
Scanning electron microscopy (SEM) and x-ray microanalysis were carried out on epoxy 
resin impregnated portions of the sample using a Quanta 650F electron microscope with 
dual Bruker XFlash 5030 energy dispersive detectors. The SEM was operated at an 
accelerating voltage of 15 kV and a working distance of 13 mm. The images were acquired 
in backscattered electron (BSE) imaging mode. QEMSCAN analysis was performed by 
Dr Kathryn Prince and Mr Brian Young. 
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2.2.2 Monazite Processing Experimental Methods 
Caustic Conversion 
Monazite concentrate (P80≈35 μm, Appendix Three) was reacted with 
concentrated sodium hydroxide solution (988 kg 100% NaOH/t concentrate) for 3.5 hours 
at 150 °C in a stainless steel reactor vessel fitted with a flange, reflux condenser and 
thermocouple. The reaction was agitated by means of an overhead stirrer. The slurry was 
cooled to 100 °C, diluted with boiling water and filtered hot. Caustic conversion resulted 
in 96% dephosphorisation of the monazite concentrate and produced a rare earth and 
thorium-containing hydroxide residue. Only one caustic conversion was conducted as this 
was considered to be sufficient to replicate the current IREL process.
4,5
 
Hydrochloric Acid Leach 
The rare earth and thorium-containing hydroxide residue was slurried with water and 
leached with hydrochloric acid at pH 3.2 and 70 °C for six hours, to produce a rare earth 
chloride leach liquor and a thorium-containing hydroxide residue. 
Radium and Lead Removal 
Radium and then lead were removed from the rare earth chloride leach liquor as the sulfate 
and sulfide, respectively. Barium chloride dihydrate was dissolved in the rare earth 
chloride liquor at 70 °C. Sodium sulfate solution was added dropwise, with stirring. The 
mixture was stirred for a further 30 minutes and then left to stand for one hour before 
centrifuging.  
Lead was then removed from the centrifuged rare earth chloride liquor by adding 
sodium sulfide solution to the rare earth chloride leach liquor at 70 °C, with stirring. The 
suspension was stirred for a further 30 minutes and then left to stand for one hour before 
vacuum filtration. 
2.3 Results and Discussion 
2.3.1 Characterisation of Monazite Concentrate 
The monazite concentrate used in this study was sourced from Western Australia as a 
magnetic separation reject from an induced roll, magnetic separation process in a zircon 
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cleaning circuit. It was supplied to ANSTO as a representative sample of a potentially 
commercially exploitable mineral resource. The heavy mineral had been wet tabled to 
remove coarse trash materials and the magnetic fractions were then separated using a 
rare earth roll, magnetic separator. The sample was then passed over an electrostatic 
separator to isolate the non-conducting mineral monazite.  
 Mineralogy 2.3.1.1
QEMSCAN particle mineralogical analysis was performed on a representative sample of 
the monazite concentrate. Monazite [94% (w/w)] was the main rare earth-bearing phase 
found in the concentrate, while zircon [4.4% (w/w)] was the most abundant impurity 
phase. Small quantities of clay materials [0.4 (w/w), including kaolinite, smectide, chlorite 
and chloritoid], and xenotime [0.2% (w/w)] were also identified in the sample. Minerals 
which were unable to be identified by QEMSCAN (including some rare earth-bearing 
minerals) and minerals present at trace concentrations (including rutile and ilmenite) were 
grouped under ‘Trace and Others’. The mineralogical composition of the monazite sample 
is summarised in Table 2.1. Further characterisation of the monazite concentrate is 
described in Appendix Three. 
Table 2.1: Modal mineralogy of the monazite concentrate. 
Mineral Formula Weight Percent Abundance 
Monazite (Ce, La, Nd, Th)PO4 94 
Zircon ZrSiO4 4.4 
Clay Minerals Al2Si2O5(OH)4 0.4 
Xenotime-Y YPO4 0.2 
Trace and Others – 0.6 
QEMSCAN analysis was supported by XRD data obtained on a pulverised sample of the 
monazite concentrate (Figure 2.1). The pattern correlated well with the reference pattern 
for monazite-Ce (00-046-1295), available from the X’Pert HighScore library. 
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Figure 2.1: XRD pattern of a pulverised sample of the monazite concentrate. 
SEM and x-ray microanalysis showed that monazite and impurity minerals, including 
rutile and zircon, were typically present as individual particles in the sample [shown in 
Figure 2.2 (A)], while clay minerals, such as kaolinite, were encapsulated in the monazite 
[shown in Figure 2.2 (B)]. Xenotime-Y occurred as both individual particles and 
inclusions in the monazite [Figure 2.2 (A) and (B)]. 
 
Figure 2.2: Back-scattered electron (BSE) images showing (A) overview of the ‘as 
received’ monazite sample; and (B) a monazite particle with xenotime-Y and kaolinite 
inclusion. 
Energy dispersive x-ray spectrometry (EDS) spectra indicated that thorium was associated 
exclusively with the monazite. BSE images showed a variation in the thorium content 
within the monazite grains (Figure 2.3). This variation could be identified by the colour 
A B 
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contrast on the images, which is associated with the variation in thorium content. Different 
areas within the monazite contained relatively high thorium concentrations of 
approximately 10–15% (w/w) (indicated by the lighter regions), as well as lower thorium 
concentrations of approximately 8–10% (w/w) and 5–7% (w/w) (indicated by the darker 
regions). Uranium-bearing minerals were not identified by QEMSCAN. 
 
Figure 2.3: BSE image showing a monazite particle containing variable thorium content.  
 Elemental Analysis 2.3.1.2
The elemental composition of the monazite concentrate was determined using two 
techniques: (1) XRF spectrometry of the solid;
17 
and (2) fusion/acid digest followed by 
ICP-OES and ICP-MS (see Section 2.2.1).
17
 The results for the REE are given in Table 2.2 
and showed that the monazite concentrate contained 51% (w/w) of the TREE+Y. The 
LREE made up 94% of the TREE+Y present in the monazite concentrate (Table 2.3).
*
 
Cerium was the most abundant of the LREE, followed by lanthanum and neodymium.  
The concentrations of other elements in the monazite concentrate are given in Table 2.4. 
The monazite concentrate had a phosphorus content of 11% (w/w). Zirconium 
[2.3% (w/w)] and silicon [1.4% (w/w)] were the most abundant impurity elements, which 
confirmed the QEMSCAN results showing that zircon was the most abundant impurity 
phase in the monazite concentrate. The monazite concentrate also contained 6.0% (w/w) of 
thorium and 0.26% (w/w) of uranium. Other impurity elements present in the sample 
included iron [0.20% (w/w)] and lead [0.22% (w/w)]. Errors for the results presented in 
Table 2.2 and Table 2.4 were approximately ± 10%.   
                                                 
*
 For details of sample preparation see Appendix Three. 
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Table 2.2: Concentrations of REE in the monazite concentrate.
†
 
Element 
Concentration  
[% (w/w)] 
La 15 
Ce 23 
Pr 3.1 
Nd 7.9 
Sm 1.2 
Eu 0.04 
Gd 0.60 
Tb 0.06 
Dy 0.24 
Ho 0.03 
Er 0.05 
Tm 0.01 
Yb 0.04 
Lu 0.004 
Sc 0.005 
Y 0.81 
TREE+Y 51 
LREE (La-Nd) 48 
MREE (Sm-Gd) 1.8 
HREE (Tb-Lu) 0.43 
Table 2.3: Distribution of LREE in the monazite concentrate. 
Content relative to TREE+Y (%) La Ce Pr Nd Total LREE 
Monazite Concentrate 29 44 6.0 15 94 
                                                 
†
 ICP and XRF data for LREE and MREE was similar. HREE data was obtained from ICP-MS on fusion 
digest liquors, as ICP-MS gave lower detection limits than XRF. 
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Table 2.4: Concentrations of other elements in the monazite concentrate.
‡
 
Element 
Concentration  
[% (w/w)] 
Al 0.25 
Ca 0.73 
Fe 0.20 
P 11 
Pb 0.22 
Si 1.4 
Th 6.0 
Ti 0.21 
U 0.26 
Zr 2.3 
 Radionuclide Assay 2.3.1.3
The concentrations of the naturally occurring radionuclides, 
232
Th, 
238
U and 
235
U and their 
respective decay progeny, in the monazite concentrate sample were measured using the 
techniques described in Section 2.2.1. The radionuclide results are presented in Table 2.5. 
The estimated errors for these results were approximately ± 10%.  
The results showed that the average concentration of 
232
Th, 
228
Ra and 
228
Th in the monazite 
concentrate was 243 Bq g
-1
, based on ICP-MS (
232
Th) and gamma spectrometry (
228
Ra and 
228
Th) results. Since the activities of 
232
Th (parent) and its long-lived progeny (daughters) 
were the same, the 
232
Th chain was considered to be in secular equilibrium in the monazite 
concentrate, which was expected. 
 
 
                                                 
‡
 Aluminium value obtained by XRF. Remaining elements obtained by fusion digest/ICP. 
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Table 2.5: Concentrations of 
232
Th, 
238
U and 
235
U decay chain radionuclides in the 
monazite concentrate. 
Radionuclide Activity (Bq g
-1
) Radionuclide Activity (Bq g
-1
) 
U-238  Th-232  
ICP-MS 32 ICP-MS 244 
XRF 32 XRF 275 
DNA 16–18 alpha 241 
Th-234 (U-238) gamma  35 NAA 127 
Th-230  Ra-228 gamma 242 
gamma 57 Th-228  
alpha 40 gamma 243 
Ra-226 gamma 30 alpha 260 
Pb-210  U-235  
gamma 27 gamma < 1.9 
beta (Bi-210) 26 calculated from U-238 1.5 
beta (Bi-210) source by 
gamma
a
 
21 Pa-231 gamma < 1.6 
Po-210 alpha 2.1
b
 Ac-227 gamma < 1.4 
  Th-227 gamma < 1.4 
a – Indicative only. Gamma counter not calibrated for this geometry. Used to identify the presence of beta-emitting 
radionuclides from the 232Th decay chain (212Pb, 212Bi and 208Tl) in the 210Pb beta counting source only. 
b – Incomplete dissolution. Acid digestion in 210Po method not conducive to monazite dissolution. 
The result for the
 232
Th concentration from NAA was significantly lower than the ICP-MS 
result because of the interference from the REE (see Section 2.2.1). The result for 
232
Th, 
based on XRF analysis, was higher than the ICP-MS result due to the limitations of the 
calibration (see Section 2.2.1). 
In alpha spectrometry, a thin ‘coating’ was observed on the stainless steel plate after 
thorium electrodeposition. This resulted in broadening of the thorium alpha peaks, which 
made it very difficult to assess the thorium alpha spectrum, particularly since 
230
Th, 
229
Th 
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and 
228
Th are close in energy (4.68, 4.84 and 5.42 MeV, respectively). In addition, the 
calculated recovery of the 
229
Th tracer was less than one percent. This indicated that there 
was most likely inadequate separation of impurity elements (primarily the REE) from the 
thorium isotopes. Subsequent analysis of a sample of liquor prior to electrodeposition 
showed the presence of the LREE, which confirmed this. Overall, the determination of all 
thorium isotopes by alpha spectrometry was considered to be unreliable. 
The average concentration of 
238
U and 
226
Ra was 31 Bq g
-1 
and was consistent between 
ICP-MS and XRF (
238
U) and gamma spectrometry (
226
Ra). The result for 
238
U from DNA 
was, as expected, lower due to interferences from the REE (Section 2.2.1). For samples in 
secular equilibrium, 
234
Th can be used as an analogue for its parent, 
238
U. The measured 
concentration of 
234
Th in the monazite concentrate was 35 Bq g
-1 
by gamma spectrometry, 
however, the low energy 
234
Th peak is also affected by high concentrations of the REE in a 
similar manner to 
230
Th, which is discussed below. The measured concentration of 
35 Bq g
-1
 is, however, within the analytical error (± 10%) of the technique. 
The concentration of 
230
Th by gamma spectrometry (57 Bq g
-1
) was significantly higher 
than the measured 
238
U and 
226
Ra concentrations (32 Bq g
-1
 and 30 Bq g
-1
, respectively). In 
gamma spectrometry, the high concentrations of the REE and 
232
Th decay chain progeny 
resulted in an elevated spectrum background, which adversely impacted on the low energy 
(67.8 keV) and low abundance (0.38%) 
230
Th peak. Although self-absorption effects had 
been corrected, the gamma result for 
230
Th is considered to be unreliable.  
The concentration of 
210
Pb from gamma spectrometry was 27 Bq g
-1
. Similarly to 
230
Th, 
the low-energy 
210
Pb peak (46.50 keV) was also affected by the elevated background 
spectrum from the high concentrations of the REE and 
232
Th decay chain progeny. The 
concentration of 
210
Pb by beta spectrometry was found to be 26 Bq g
-1
, which was in 
excellent agreement with the gamma result. However, given that there had been inadequate 
separation of the REE and other elements in alpha spectrometry, it was decided to count 
the 
210
Pb beta source by gamma spectrometry. The presence of other beta-emitting 
radionuclides, 
212
Pb, 
212
Bi, and 
208
Tl from the 
232
Th decay chain was confirmed and 
indicated that there had not been complete separation of 
210
Pb from 
228
Th, the parent of 
212
Pb, 
212
Bi, and 
208
Tl. The presence of these 
232
Th decay chain radionuclides would have 
contributed to the 
210
Pb beta count rate and therefore, the 
210
Pb beta result is considered to 
be unreliable. 
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The measured concentration of 
210
Po was very low in comparison to the other 
238
U decay 
chain radionuclides (2.1 Bq g
-1
). The monazite concentrate was digested with 
hydrofluoric acid followed by aqua regia at 150 °C, which is the standard dissolution 
procedure used in 
210
Po analysis. This resulted in incomplete dissolution of the sample and 
so the 
210
Po concentration could not be accurately measured. The preferred method of 
dissolution for a monazite sample is high temperature fusion followed by acid digest; 
however, this method cannot be used because polonium is volatile. Polonium-210 
(half-life 138 days) is considered to be in secular equilibrium with its parent, 
210
Pb, in the 
monazite concentrate with a concentration of 27 Bq g
-1
. 
Overall, an average concentration of 30 Bq g
-1
 for the 
238
U decay chain was calculated 
based on the ICP-MS and XRF results for 
238
U and the gamma spectrometry results for 
226
Ra and 
210
Pb. The 
230
Th concentration is expected to be the same as the other 
radionuclides in the 
238
U decay chain and therefore, the 
238
U decay chain is also considered 
to be in secular equilibrium in the monazite concentrate. 
Based on the measured concentration of 32 Bq g
-1
 for 
238
U in the monazite concentrate, the 
concentrations of the 
235
U decay chain radionuclides were calculated to be 1.5 Bq g
-1
. 
However, 
235
U and its decay progeny, 
231
Pa and 
227
Th
 
(
227
Ac) were not detected by 
gamma spectrometry due to the high concentrations of 
232
Th decay chain radionuclides 
present in the sample. 
The total contained activity of the monazite concentrate was calculated using the measured 
concentrations for the thorium and uranium decay chain radionuclides. The total contained 
activity is the sum of the concentrations of all radionuclides (both long- and short-lived) in 
each of the 
232
Th, 
238
U and 
235
U decay chains. The total contained activity for the monazite 
concentrate was found to be 2873 Bq g
-1
. The relative distributions of the long-lived 
radionuclides in each of the respective decay chains is given in Table 2.6. Overall, 85% of 
the total activity in the monazite concentrate was due to radionuclides in the 
232
Th decay 
chain.  
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Table 2.6: Distribution of activity in the monazite concentrate (includes short-lived 
daughters of radionuclides listed). 
Isotope and Activity % 
Th-232 Decay Chain U-238 Decay Chain U-235 Decay Chain 
Th-232
 
8.5 U-238 4.5 U-235 0.1 
Ra-228 17 Th-230 2.0 Pa-231 0.1 
Th-228 59 Ra-226 6.3 Ac-227 0.4 
  Pb-210 1.5   
  Po-210 0.7   
Total 85 Total 15 Total 0.6 
2.3.2 Caustic Conversion 
Caustic conversion of the monazite concentrate produced a rare earth and 
thorium-containing hydroxide residue and a trisodium phosphate liquor. The rare earth and 
thorium-containing hydroxide residue contained 55% (w/w) of the TREE+Y and 
6.8% (w/w) of thorium. Less than 0.5% of the TREE+Y reported to the trisodium 
phosphate liquor. Elemental and radionuclide concentrations in the rare earth and 
thorium-containing hydroxide residue and trisodium phosphate liquor are given in      
Table 2.7 and Table 2.8, respectively. Errors for the elemental and radionuclide results 
were approximately ± 10%. The rare earth and thorium-containing hydroxide residue was 
diluted with quartz prior to counting by gamma spectrometry to reduce counter dead time 
to below five percent.  
Table 2.7: Elemental concentrations and deportment in caustic conversion. 
Sample ID TREE+Y Lead Thorium Uranium 
Concentration 
RE/Th Hydroxide [% (w/w)] 55 0.15 6.8 0.16 
Trisodium Phosphate (g L
-1
) < 0.50 0.13 < 0.001 0.25 
Deportment (%) 
RE/Th Hydroxide 99.6 75 > 99.9 60 
Trisodium Phosphate 0.4 25 < 0.1 40 
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Table 2.8: Radionuclide concentrations in the caustic conversion products.
§
 
Radionuclide 
RE/Th 
Hydroxide 
Bq g
-1 
Trisodium 
Phosphate 
Bq L
-1
 
Radionuclide 
RE/Th 
Hydroxide 
Bq g
-1
 
Trisodium 
Phosphate 
Bq L
-1
 
U-238   Th-232   
ICP-MS 20 3150 ICP-MS 274 < 4 
Th-234(U-238) 
gamma 
33 2439 alpha 236 na 
Th-230   Ra-228 gamma 276 15 
gamma 65 < 35 Th-228   
alpha 65 na gamma 282 11 
Ra-226 gamma 34 3.6 alpha 300 na 
Pb-210   U-235   
gamma 19 2072 gamma < 1.8 89 
beta (Bi-210) 23
a
 na 
calculated from  
U-238 
0.94 145 
beta (Bi-210) 
source by gamma
b
 
15 na Pa-231 gamma < 1.8 < 3.9 
Po-210   Ac-227 gamma < 4.1 0.81 
alpha 16 115 Th-227 gamma < 4.1 < 0.65 
a – Gamma spectrum of the 210Pb beta source showed the presence of the beta-emitting radionuclides, 212Pb and 212Bi, 
and 208Tl, from the 232Th decay chain. Result is therefore higher than true value. 
b – Indicative only. Gamma counter not calibrated for this geometry. Used to identify the presence of beta-emitting 
radionuclides (212Pb, 212Bi and 208Tl) from the 228Th decay chain in (a). 
na – Not analysed. 
The percent deportment of radionuclides from the monazite concentrate to the rare earth 
and thorium-containing hydroxide residue and the sodium triphosphate liquor following 
caustic conversion were calculated and are given in Figure 2.4. The calculations were 
based on the ICP-MS values for 
232
Th and 
238
U. The alpha spectrometry values were used 
to calculate the deportment for 
210
Po, after assuming that 
210
Po was in equilibrium with 
210
Pb in the concentrate. The gamma spectrometry values were used for calculating the 
deportment of the remaining radionuclides. 
                                                 
§
 In view of the inherent uncertainties of some of the measured data (discussed in text), the results for some 
radionuclides represent only a general guide on the deportment behaviour. 
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Figure 2.4: Deportment of 
232
Th, 
238
U and 
235
U decay chain radionuclides in caustic 
conversion of the monazite concentrate. 
The results obtained for the thorium decay chain radionuclides agreed with data found in 
the literature.
2,3,26
 The thorium decay chain radionuclides were not leached (all less than 
0.1%) during caustic conversion. 
Uranium-238 and 
235
U (40%) and 
210
Pb (31%) reported to the trisodium phosphate liquor. 
Lead-210 dissolution was similar to that of elemental lead dissolution (25%), however, it 
should be noted that the two isotopes will more than likely be found in different mineral 
phases within the monazite concentrate and, therefore, may not necessarily behave in the 
same manner during caustic conversion. The partial leaching of 
238
U and 
210
Pb suggested 
that, unlike thorium, uranium was not exclusively associated with the monazite phase and 
may have been associated with a different mineral phase, at least to some degree. Hart and 
Levins found that some 
238
U and 
210
Pb (17% and 19%, respectively) reported to the 
trisodium phosphate liquor, which supports the findings in this work.
27
 The higher 
concentrations (40% and 31%, respectively) may simply be due to variations in the 
mineralogy of the samples. 
In this study, 
230
Th and 
226
Ra did not dissolve during caustic conversion (less than 0.5%) 
and remained in the rare earth and thorium-containing hydroxide residue. This is in 
excellent agreement with the behaviour of the 
232
Th decay chain radionuclides, 
232
Th, 
228
Ra and 
228
Th (all less than 0.1% leached). More than 98% of 
210
Po, 
231
Pa and 
227
Ac also 
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remained in the rare earth and thorium-containing hydroxide residue. These findings were 
as expected since actinium is known to have similar properties to the lanthanide 
elements,
28
 while polonium is not soluble in hydroxide solution.
29
 Protactinium-231 would 
be expected to remain in the rare earth and thorium-containing hydroxide residue since 
protactinium forms protactinium(IV) and protactinium(V) ions that hydrolyse at low pH.
30
 
The total contained activities of the rare earth and thorium-containing hydroxide residue 
and the trisodium phosphate liquor were calculated using the measured radionuclide 
concentrations listed in Table 2.8. The total contained activity concentrations were 
3210 Bq g
-1 
and 17170 Bq L
-1
, respectively.  
The relative distribution of activity from the long-lived radionuclides in each of the 
respective decay chains is given in Table 2.9. More than 85% of the total activity in the 
rare earth and thorium-containing hydroxide residue was due to the 
232
Th decay chain 
radionuclides. Thorium-228 contributed 68% of total activity in the rare earth and thorium-
containing hydroxide residue. In contrast, 98% of the total activity in the trisodium 
phosphate liquor was due to the uranium decay chain radionuclides. 
In summary, more than 98% of 
230
Th, 
226
Ra,
 210
Po, 
231
Pa and 
227
Ac
 
reported to the 
rare earth and thorium-containing hydroxide residue. Since all of these radionuclides are 
known to form insoluble hydroxides
30-32
 the results of this study are in good agreement 
with the literature.
**
 Finally, it is noted that the results for the deportment of 
231
Pa, 
227
Ac, 
230
Th, 
226
Ra and 
210
Po presented above are of particular significance because data for these 
radionuclides does not appear to have been reported previously. 
 
                                                 
**
 Solubility product data for some metal hydroxides are available in Appendix Three. 
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Table 2.9: Distribution of activity following caustic conversion (includes short-lived daughters of radionuclides listed). 
Sample ID 
Isotope and Activity % 
Th-232 Decay Chain U-238 Decay Chain U-235 Decay Chain 
Th-232 Ra-228 Th-228 TOTAL U-238 Th-230 Ra-226 Pb-210 Po-210 TOTAL U-235 Pa-231 Ac-227 TOTAL 
RE/Th(OH)x 8.5 17 62 87 2.5 2.0 6.4 1.2 0.5 13 0.1 bdl bdl 0.1 
Na3PO4
 
bdl 0.2 0.4 0.6 73 bdl 0.1 24 0.7 98 1.0 bdl < 0.1 1.1 
bdl – Measured concentration below detection limit. 
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2.3.3 Hydrochloric Acid Leach 
Selective leaching of the rare earth and thorium-containing hydroxide residue with 
hydrochloric acid at pH 3.2 for six hours was successful in separating the majority of 
thorium from the REE. The REE dissolution was 94% (based on solid assays), and the 
resulting rare earth chloride leach liquor (rare earth chloride liquor) contained 160 g L
 1
 of 
the TREE+Y. The thorium-containing hydroxide residue (thorium concentrate) contained 
28% (w/w) thorium and also incorporated most of the uranium (90%). Elemental and 
radionuclide concentrations in the rare earth chloride liquor and thorium concentrate are 
given in Table 2.10 and Table 2.11, respectively. The results in Table 2.10 are based on the 
analysis of a single sample. Estimated errors for the radionuclide results in Table 2.11 
were approximately ± 10%. 
The thorium concentrate was mixed with quartz to dilute the sample, and the rare earth 
chloride liquor was diluted with deionised water prior to gamma counting to reduce 
counter dead time to below five percent.  
Table 2.10: Elemental concentrations and deportment in hydrochloric acid leaching. 
Sample ID TREE+Y Lead Thorium Uranium 
Concentration 
RE Chloride (g L
-1
) 160 0.16 0.018 0.054 
Thorium Hydroxide [% (w/w)] 13 0.32 28 0.49 
Deportment (%) 
RE Chloride 94 43 < 0.1 10 
Thorium Hydroxide 6 57 > 99.9 90 
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Table 2.11: Radionuclide concentrations in the hydrochloric acid leaching products.
††
 
Radionuclide 
Rare Earth 
Chloride 
Bq L
-1
 
Thorium 
Hydroxide 
Bq g
-1
 
Radionuclide 
Rare Earth 
Chloride 
Bq L
-1
 
Thorium 
Hydroxide 
Bq g
-1
 
U-238   Th-232   
ICP-MS 664 60 ICP-MS 73 1131 
Th-234(U-238) 
gamma 
< 353
a 22.3 alpha na 777 
Th-230   Ra-228 gamma 71108 159 
gamma < 1295
a
 253 Th-228   
alpha na 101 gamma 300
b
 961 
Ra-226 gamma 7405 9.4 alpha na 598 
Pb-210   U-235   
gamma 1940 38 gamma < 90 < 2.1 
beta (Bi-210) na 50
c
 
calculated from 
U-238 
 
31 2.8 
beta (Bi-210) 
source by gamma
d
 
na 28 Pa-231 gamma 279 7.4 
Po-210   Ac-227 gamma 518 < 6.1 
alpha 237 na Th-227 gamma 518 < 6.1 
a – No gamma peak found in spectrum. Less than values calculated by GammaVision software. 
b – Concentration at time of leach. 
c – Gamma spectrum of the 210Pb beta source showed the presence of the beta-emitting radionuclides, 212Pb and 212Bi, 
and 208Tl, from the 232Th decay chain. Result is therefore higher than true value. 
d - Indicative only. Gamma counter not calibrated for this geometry. Used to identify the presence of the beta-emitting 
radionuclides (212Pb, 212Bi and 208Tl) from the 232Th decay chain in (c). 
na – Not analysed. 
The deportment of radionuclides in the rare earth chloride liquor and the thorium 
concentrate were calculated and the results are given in Figure 2.5. The calculations were 
based on the ICP-MS values for 
232
Th and 
238
U, the alpha spectrometry value for 
210
Po and 
the gamma spectrometry values for the remaining radionuclides. 
                                                 
††
 In view of the inherent uncertainties of some of the measured data (discussed in text), the results for some 
radionuclides represent only a general guide on the deportment behaviour. 
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Figure 2.5: Deportment of 
232
Th, 
238
U and 
235
U decay chain radionuclides in 
hydrochloric acid leaching of the rare earth and thorium-containing hydroxide residue. 
Radium-226 (93%) and 
210
Pb (48%) were leached from the rare earth and 
thorium-containing hydroxide residue. These results are comparable to those for 
228
Ra and 
elemental lead which were 85% and 43%, respectively. Although radium dissolution 
closely resembled that of the REE; the reason for the similarity was not clear. 
The dissolutions of 
231
Pa (46%) and 
227
Ac (38%) were also significant, while only 9.7% of 
238
U and 
235
U, 5.9% of 
230
Th and 6.3% of 
210
Po were leached. 
The dissolution of 
230
Th (5.9%) was higher than that of 
232
Th (0.1%) and 
228
Th (0.3%) in 
the acid leach, however, this is most likely due to the siting of the uranium and thorium 
minerals in the monazite concentrate. QEMSCAN analysis had identified thorium as being 
associated exclusively with the monazite phase in the concentrate (see Section 2.3.1.1) but 
had not identified any uranium-bearing minerals. Subsequent QEMSCAN analysis of the 
thorium leach residue indicated that the uranium was associated with a Y-phosphate phase, 
which contained a normalised uranium concentration of approximately eight percent 
across the grain (Figure 2.6). 
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Figure 2.6: BSE image showing a typical Y-phosphate particle in the thorium-containing 
leach residue. 
Overall, the results were comparable to those found in the literature, with radium being 
leached, and thorium and uranium remaining mainly in the leach residue.
2,3,5
 The rare earth 
chloride liquor was expected to contain lead
2,3
 and small amounts of uranium and 
thorium.
3
 
The total contained activities of the rare earth chloride liquor and the thorium concentrate 
were calculated using the data listed in Table 2.11. The values were 200080 Bq L
-1 
and 
8850 Bq g
-1
, respectively. The relative distributions from the long-lived radionuclides in 
each of the respective decay chains is given in Table 2.12. 
The 
232
Th decay chain radionuclides contributed 72% of the total activity in the rare earth 
chloride liquor, while the 
238
U and 
235
U decay chain radionuclides contributed 26% and 
2.2% of the total activity, respectively. Radium-228, 
228
Th, 
226
Ra and 
227
Ac were found to 
contribute more than 97% of the total activity in the rare earth chloride liquor. Since the 
235
U decay chain radionuclides were not detected in the actual monazite concentrate, this 
result is of particular significance and highlights the issue of concentrating radioactivity in 
various product and waste streams, even when radionuclide concentrations in the feed are 
low. 
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Table 2.12: Distribution of activity in hydrochloric acid leaching (includes short-lived daughters of radionuclides listed). 
Sample ID 
Isotope and Activity % 
Th-232 Decay Chain U-238 Decay Chain U-235 Decay Chain 
Th-232 Ra-228 Th-228 TOTAL U-238 Th-230 Ra-226 Pb-210 Po-210 TOTAL U-235 Pa-231 Ac-227 TOTAL 
RE Chloride < 0.1 71 1.1 72 1.3 bdl 22 1.9 0.1 26 < 0.1 0.1 2.1 2.2 
Th(OH)4 residue 13 3.6 76 92 2.7 2.9 0.6 0.9 0.4 7.5 0.1 0.1 bdl 0.2 
bdl – Measured concentration below detection limit. 
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2.3.4 Optimisation of Radioactive Impurity Removal 
The results in Section 2.3.3 showed that the rare earth chloride liquor contained significant 
concentrations of impurity radionuclides, namely, 
228
Ra,
 226
Ra, 
210
Pb, 
231
Pa and 
227
Ac. 
These radionuclides have the potential to contaminate final rare earth products, and 
therefore need to be removed from the rare earth chloride liquor prior to subsequent 
processing. Typically, radium is removed by co-precipitation with barium sulfate.
26,33
 
Barium chloride is added to the rare earth chloride liquor and then sodium sulfate solution 
is added gradually to precipitate barium/radium sulfate [Figure 2.7 (A)]. Lead (and 
210
Pb) 
are then removed by precipitating as lead sulfide [Figure 2.7 (B)].
2,3
 In order to reduce 
radioactivity levels in the rare earth chloride liquor to the regulatory concentration of 
1000 Bq g
-1
 (equivalent to 1000 Bq L
-1
),
34
 more than 99% removal of total activity is 
required. 
 
 
 
Figure 2.7: Simplified flowsheets of the (A) barium/radium co-precipitation and (B) lead 
sulfide precipitation processes. 
The conditions under which radioactive impurity removal from the rare earth chloride 
liquor is carried out in industry are, however, not reported in the literature and so a number 
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of small-scale scoping tests were undertaken to investigate suitable conditions to achieve 
radioactive impurity removal in this work. These tests are described in detail in the 
sections below. The volume of rare earth chloride liquor used in each test was 20 mL. The 
quantities of radionuclides were determined by comparing their respective peak areas in 
gamma spectrometry and the elemental concentrations were determined by ICP-MS. The 
experimental parameters and results of the barium/radium sulfate co-precipitation and the 
lead sulfide precipitation investigations are given in Table 2.13 and Table 2.14, 
respectively. The measured data are given in Appendix Three. Estimated errors for the 
radionuclide results in Table 2.13 and Table 2.14 were approximately ± 10%. 
 Barium/Radium Co-precipitation 2.3.4.1
Effect of pH 
The effect of pH on the efficiency of the barium/radium co-precipitation from the 
rare earth chloride liquor was investigated at pH 2.0, 3.2 and 4.5. After adjusting the pH of 
the rare earth chloride liquor where necessary, barium chloride dihydrate and 
sodium sulfate were added. The suspension was stirred for a further 30 minutes after the 
addition of the sodium sulfate and then left to stand for one hour before filtering. The 
filtrates were then left to stand for at least three weeks (to allow for 
222
Rn ingrowth) before 
gamma counting to determine the 
228
Ra and 
226
Ra removal. The results are displayed in 
Table 2.13 and show that barium/radium co-precipitation was independent of pH between 
pH 2.0 and pH 4.5, with more than 99.9% of 
228
Ra and 99% of 
226
Ra being removed. 
Because pH adjustment of the rare earth chloride liquor was not required at pH 3.2 (the pH 
of the leach liquor), this was considered to be the optimal pH for conducting radium 
impurity removal. The reaction was carried out at ambient temperature and all other 
variables, including the barium to sulfate ion stoichiometry (0.9:1.0), sulfate ion 
concentration (10 g L
-1
), reaction time, stirring and standing times, stirring speed and 
gamma counting parameters, were kept constant. 
Temperature 
The effect of temperature on the barium/radium co-precipitation was investigated. 
Co-precipitation was first carried out at 70 °C (the temperature of the hydrochloric acid 
leach), and the result compared with that obtained at ambient temperature (23 °C). All 
other variables including pH (pH 3.2), barium to sulfate ion stoichiometry (0.9:1.0), sulfate 
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ion concentration (10 g L
-1
), reaction time, stirring and standing time, stirring speed and 
gamma counting parameters, were kept constant. 
The barium/radium co-precipitation was found to be independent of temperature. 
Co-precipitation at 70 °C resulted in 99.8% of 
228
Ra and 99% of 
226
Ra removal. The 
optimal temperature for the barium/radium sulfate co-precipitation was therefore 
considered to be 70 °C, because this eliminated the need for a cooling step prior to 
conducting the radionuclide impurity removal. 
Stoichiometry 
Experiments were conducted where the ratio of barium to sulfate was altered from 1:10 to 
2:1, and compared with the investigation at 0.9:1.0 barium to sulfate ion. All other 
variables including pH (pH 3.2), temperature (23 °C), sulfate ion concentration (10 g L
-1
), 
stirring and standing times, stirring speed and gamma counting parameters, were kept 
constant. 
The results presented in Table 2.13 show that the barium/radium co-precipitation did not 
vary greatly between the barium to sulfate ratios of 0.9:1.0 and 1:10. However, when the 
ratio of barium to sulfate ion was increased to 2:1, 
228
Ra and 
226
Ra removal decreased 
significantly, from more than 99.9% and 99%, respectively, to 75% and 78%, respectively. 
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Table 2.13: Removal of radionuclides using barium/radium sulfate co-precipitation. 
Test ID 
Experimental Conditions % Removal 
pH 
Temperature 
°C 
Ba
2+
:SO4
2- [SO4
2-
] 
g L
-1 
228
Ra 
226
Ra 
228
Th 
initial
 
228
Th after 
one year
 
227
Ac TREE+Y 
Elemental 
Pb 
 
                pH 
Ra-1 2.0 23 0.9:1.0 10 99.9 99 75 91 97 < 0.5 65 
Ra-2 3.2 23 0.9:1.0 10 > 99.9 99 78 93 97 < 0.5 61 
Ra-3 4.5 23 0.9:1.0 10 99.9 99 86 96 98 1.1 59 
 
               Temperature 
Ra-4 3.2 70 0.9:1.0 10 99.8 99 83 93 97 < 0.5 20 
 
               Stoichiometry 
Ra-5 3.2 23 1:10 10 99.9 99 81 92 98 < 0.5 22 
Ra-6 3.2 23 2:1 10 75 78 65 70 75 2.0 45 
 
               Sulfate Ion Concentration 
Ra-7 3.2 23 0.9:1.0 1.0 88 81 73 79 86 0.1 6.7 
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Sulfate Ion Concentration 
The effect of the sulfate ion concentration on barium/radium co-precipitation was also 
investigated. The results presented in Table 2.13 show that when the concentration of 
sulfate was decreased to 1 g L
-1
, radium removal decreased to 88% for 
228
Ra and 81% for 
226
Ra.  
Effect of Co-precipitation on REE, Lead and Other Radionuclides 
The effect of the barium/radium co-precipitation on the concentrations of the REE, lead, 
thorium and actinium are also reported in Table 2.13. No significant REE losses were 
observed following barium/radium co-precipitation regardless of the pH at which the 
precipitation was carried out. However, up to 65% of lead was precipitated with the 
barium/radium sulfate residue between pH 2.0 and pH 4.5. Lead sulfate precipitation was 
significantly lower at 1:10 and 2:1 barium to sulfate ion stoichiometries (22% and 45%, 
respectively), and also when the co-precipitation was conducted at 70 °C (20%). Very poor 
lead removal (6.7%) was obtained when the concentration of sulfate was decreased to 
1 g L
-1
 for the co-precipitation reaction. 
Thorium-228 was measured twice in all of the barium/radium co-precipitation tests: an 
initial count was undertaken three weeks after the co-precipitation, followed by a second 
measurement one year after the co-precipitation. As 
228
Th has a half-life of 1.9 years, it 
was not yet in equilibrium with 
228
Ra at the time of the initial count, and therefore the 
results from this count represent thorium removal. Up to 86% of thorium (
228
Th) was 
removed in the barium/radium co-precipitation between pH 2.0 and pH 4.5. Thorium 
removal was not affected by an increase in temperature or a lower barium to sulfate ion 
stoichiometry, but decreased significantly at a barium to sulfate ion stoichiometry of 2:1, 
and when the sulfate ion concentration was reduced to 1 g L
-1
 (65% and 73% removal, 
respectively). 
After one year, the amount of 
228
Th in the rare earth chloride liquor had decreased. Since 
228
Ra was removed during the co-precipitation, 
228
Th was unsupported in the liquor and 
was decaying over time. The 
228
Th concentration would be expected to decrease further 
with time, as it approached equilibrium with 
228
Ra. 
The high removal of 
227
Ac (greater than 97% for the majority of the scoping tests) in the 
barium/radium co-precipitation was unexpected. This is because lanthanum and actinium 
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are analogues of one another but co-precipitation of the REE was insignificant. Trace 
actinium will reportedly carry on barium sulfate precipitated from dilute nitric acid with 
sulfuric acid, but this is generally not the case when large amounts of lanthanum are 
present, as lanthanum presumably displaces the actinium from the precipitate.
30,35-37
 
Approximately 40 g L
-1
 of lanthanum was present in the rare earth chloride liquor, 
however. It is therefore more likely that actinium removal was due to occlusion during 
precipitation, than actual co-precipitation with the barium sulfate. 
Like thorium, actinium removal was lower when the barium to sulfate ion stoichiometry 
was 2:1 and when the sulfate ion concentration was reduced to 1 g L
-1
 (75% and 86%, 
respectively). 
Optimum Conditions for Barium/Radium Co-precipitation 
Based on the results of the above studies, the optimum conditions for radium removal by 
co-precipitation with barium sulfate were found to be pH 3.2 at 1:10 barium to sulfate ion 
stoichiometry, 10 g L
-1
 sulfate addition and 70 °C. 
 Lead Sulfide Precipitation 2.3.4.2
A series of scoping tests were undertaken to investigate the effect of pH, sulfide 
concentration and temperature on lead sulfide removal from the rare earth chloride liquor. 
Radium had not been removed from the rare earth chloride liquor prior to lead sulfide 
precipitation. In a typical experiment, sodium sulfide solution was added to the rare earth 
chloride liquor. The pH of the reaction mixture was adjusted back to the starting pH 
(pH 3.2) using either hydrochloric acid or ammonia while precipitation proceeded. After 
the addition of the sodium sulfide, the solution was stirred for a further 30 minutes and left 
to settle for one hour before vacuum filtration. Lead-210 could not be accurately measured 
using gamma spectrometry due to the small liquor volumes used; therefore, lead results are 
based on elemental lead results obtained from ICP-MS. These results are presented in 
Table 2.14.  
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Table 2.14: Removal of 
210
Pb, inactive lead and other radionuclides using lead sulfide precipitation. 
Test ID 
Experimental Conditions % Removal 
Sulfide 
Concentration 
(g L
-1
)
a 
Temperature 
(°C) 
228
Ra 
226
Ra 
228
Th 
initial 
228
Th after 
one year
 
227
Ac TREE+Y 
Elemental 
Pb 
 
              Stoichiometry 
Pb-1 0.5 23 < 0.1 < 0.1 20 < 0.1 < 0.1 0.2 99 
Pb-2 2.5 23 4.6 4.7 18 < 0.1 8.5 5.2 27 
Pb-3 5.0 23 49 48 57 39 48 50 98 
 
             Temperature 
Pb-4 0.5 70 < 0.1 < 0.1 26 < 0.1 < 0.1 1.9 99 
a – Sulfide concentration relative to the volume of rare earth chloride liquor used in the experiment. 
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Effect of pH 
Sodium sulfide solution was added to the rare earth chloride liquor at pH 3.2. However, a 
large fluctuation in pH occurred on addition of the sulfide. Initially, the pH of the 
rare earth chloride liquor decreased to pH 2, but afterwards increased to pH 7. Since the 
reaction pH could not be effectively controlled, the effect of pH on lead sulfide 
precipitation was not investigated further. It is unclear why the pH fluctuated upon 
addition of sodium sulfide to the solution. 
Sulfide Concentration 
Experiments were conducted at room temperature and at sulfide ion concentrations of 
0.5, 2.5 and 5.0 g L
-1
 with respect to the rare earth chloride liquor. Lead removal was 99% 
and 98% at sulfide concentrations of 0.5 and 5.0 g L
-1
, respectively. Elemental lead results 
indicated that the lead sulfide precipitation decreased to 27% at 2.5 g L
-1
, but this is 
believed to be an anomalous result. 
The removal of all radionuclides, including 
228
Ra, 
226
Ra, 
228
Th and 
227
Ac, increased with 
increasing sulfide concentration. A maximum of 57% of thorium and approximately 50% 
of 
228
Ra, 
226
Ra and 
227
Ac was precipitated with 5 g L
-1 
sulfide. Actinium removal was 
again believed to be due to occlusion during the precipitation. The removal of REE was 
similar to that of 
228
Ra, 
226
Ra and 
227
Ac, and increased with increasing sulfide ion addition 
to a maximum of 50%. Since the radionuclides and the REE should not form insoluble 
sulfides under these conditions, removal of these elements was most likely due to 
occlusion. 
Thorium-228 was measured again after one year, and the value of 
228
Th was found to have 
increased due to ingrowth of the radionuclide from 
228
Ra. 
Temperature 
Lead sulfide precipitation with 0.5 g L
-1
 of sodium sulfide was carried out at 
ambient temperature (23 °C) and 70 °C. Temperature had no effect on lead removal under 
the above conditions (99%). Radium-228, 
226
Ra and 
227
Ac were not precipitated by the 
addition of sulfide solution at 70 °C, however 
228
Th was precipitated (26%). The REE 
removal increased from 0.2% at ambient temperature to 1.9% at 70 °C. Once again, due to 
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the presence of 
228
Ra, 
228
Th removal was found to have decreased after one year, 
resembling 
228
Ra removal. 
Optimum Conditions for Lead Sulfide Precipitation 
Based on the results of the above studies, the optimum conditions for lead sulfide 
precipitation were found to be 0.5 g L
-1
 and 70 °C. The rare earth chloride liquor was used 
without adjusting pH. 
2.3.5 Bulk Radioactive Impurity Removal 
Radium and then lead removal were carried out on a 300 mL bulk sample of the 
rare earth chloride liquor by precipitation as the sulfate and the sulfide, respectively. The 
conditions were based on the optimum results from the scoping tests described in 
Section 2.3.4. Radium removal was carried out at pH 3.2 and 70 °C, using a barium to 
sulfate ion stoichiometry of 1:10 and a sulfate ion concentration of 10 g L
-1
. Lead sulfide 
precipitation was carried out following radium removal at 70 °C using a 
sulfide concentration of 0.5 g L
-1
 with respect to the rare earth chloride liquor. The 
concentrations of radionuclides were determined by gamma spectrometry and the 
elemental concentrations were determined by ICP-MS. Elemental and radionuclide 
concentrations in the rare earth chloride liquor before and after radium and lead removal 
are given in Table 2.15 and Table 2.16, respectively. Errors for the elemental results were 
approximately ± 10%. Estimated errors for the radionuclide results were approximately 
± 10%.  
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Table 2.15: Elemental concentrations in the rare earth chloride liquor before and after 
radioactivity removal.  
Element 
Rare Earth Chloride Liquor 
(g L
-1
) % Removal 
Before After 
TREE+Y 160 162 < 0.1 
Pb 0.16 0.031 82 
Th 0.018 0.003 82 
U 0.054 0.057 0.2 
 
Table 2.16: Radionuclide concentrations in the rare earth chloride liquor before and after 
radioactivity removal. 
Radionuclide 
Rare Earth Chloride Liquor 
(Bq L
-1
) % Removal 
Before After 
Th-232 
Th-232 73 14 82 
Ra-228 71108 < 1.6 > 99.9 
Th-228 7485
a
 2006 75 
U-238 
U-238 664 711 0.2 
Th-230 < 1295
b
 < 308
b
 78 
Ra-226 7405 < 1.2 > 99.9 
Pb-210 1940 316 85 
Po-210 237 4.0 98 
U-235 
U-235 31
c 
33
c 0.2 
Pa-231 279 < 17 94 
Ac-227 518 410 26 
a – Concentration of 228Th in rare earth chloride liquor at time of radioactive impurity removal. 
b – Assumes less than values are real. 
c – Calculated from 238U. 
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Radium removal was greater than 99.9% in the bulk impurity removal test. This was in 
excellent agreement with the results obtained for the barium/radium co-precipitation 
scoping test (which was greater than 99%). Lead-210 and elemental lead removal were 
85% and 82%, respectively, and although these results are in very good agreement, lead 
removal overall was lower than elemental lead removal in the corresponding lead sulfide 
precipitation scoping test (99%). 
The removal of thorium isotopes, 
230
Th, 
232
Th and 
228
Th was 78%, 82% and 75%, 
respectively, and this was in excellent agreement with the 83% obtained for 
228
Th removal 
in the initial count in the corresponding barium/radium co-precipitation scoping test. 
Only 26% of 
227
Ac was removed by the bulk impurity removal step. This is significantly 
lower than the 97% obtained in the barium/radium co-precipitation scoping tests, and 
indicates that 
227
Ac removal in the scoping tests was most likely due to occlusion rather 
than co-precipitation with the barium/radium sulfate. Less than 0.1% of the TREE+Y were 
precipitated during the radioactive impurity removal from the bulk liquor, which indicates 
that a selective partial separation of actinium from lanthanum occurred under the 
experimental conditions employed. 
Uranium removal was 0.2%. The likely speciation of uranium in the rare earth chloride 
liquor is as the uranyl ion (UO2
2+
).
38
 Uranyl sulfate is soluble and uranyl sulfide does not 
form and therefore, uranium removal would be expected to be low.
38
 In contrast, the 
removal of 
210
Po (99%) and 
231
Pa (95%) was significant. The behaviour of 
210
Po in the 
bulk impurity removal will be dependent upon its ionic form in solution. Polonium(VI) 
would potentially be removed in barium/radium co-precipitation while polonium(II) would 
potentially be removed as the sulfide in lead precipitation.
29
 Protactinium hydrolyses at 
low pH and therefore, would potentially be removed in barium/radium co-precipitation.
39
 
The total contained activity of the rare earth chloride leach liquor after impurity removal 
was calculated using the measured concentrations for the thorium and uranium decay chain 
radionuclides. The total contained activity was found to be 21200 Bq L
-1
, which was 
equivalent to a reduction in radionuclide concentrations of approximately 92% after a 
single treatment. The total contained activity of the rare earth chloride leach liquor before 
impurity removal was 250370 Bq L
-1
, which is higher than the value reported in 
Section 2.3.3 (200080 Bq L
-1
), due to the ingrowth of 
228
Th
 
from its parent, 
228
Ra (from 
300 to 7485 Bq L
-1
).  
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The distribution of total activity in the rare earth chloride liquor before and after 
radioactive impurity removal is shown in Table 2.17. The contribution of the 
235
U decay 
chain radionuclides in the rare earth chloride liquor increased from 1.8% to 16% and was 
due primarily to 
227
Ac (15%), with a concentration of 410 Bq L
-1
. The contribution from 
the 
238
U decay chain (20%) was similar to that prior to impurity removal; however, 
because 
226
Ra was removed from the liquor, 
238
U was now the main contaminant. This also 
demonstrates how low concentrations of uranium decay chain radionuclides in the 
feedstock can concentrate in the REE streams during chemical processing and become 
potentially problematic. 
The largest contribution to the total activity in the rare earth chloride liquor after 
radioactive impurity removal was from 
228
Th (67%) in the 
232
Th decay chain. It should be 
noted; however, that 
228
Th is unsupported and will eventually decay because its parent, 
228
Ra, has been removed from the liquor. The contribution of 
228
Th to the total activity will 
therefore decrease exponentially over time and be less than one percent after 9.5 years, 
leaving 
227
Ac and 
238
U as the main radioactive contaminants in the rare earth chloride 
liquor.  
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Table 2.17: Distribution of activity in the rare earth chloride liquor before and after radioactive impurity removal (includes short-lived daughters 
of radionuclides listed). 
Sample ID 
Isotope and Activity % 
Th-232 Decay Chain U-238 Decay Chain U-235 Decay Chain 
Th-232 Ra-228 Th-228 TOTAL U-238 Th-230 Ra-226 Pb-210 Po-210 TOTAL U-235 Pa-231 Ac-227 TOTAL 
Before < 0.1 57 21 78 1.1 bdl 18 1.5 0.1 20 < 0.1 0.1 1.7 1.8 
After 0.1 bdl 67 68 13 bdl bdl 3.0 < 0.1 16 0.3 < 0.1 15 16 
bdl – Measured concentration below detection limit. 
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2.3.6 Radionuclide Deportment Summary 
A summary of the deportment of radionuclides from the naturally occurring 
232
Th, 
238
U 
and 
235
U decay chains during treatment of the monazite concentrate using 
caustic conversion, hydrochloric acid leaching and impurity removal is given in Figure 2.8. 
 
Figure 2.8: Radionuclide deportment in each of the steps during rare earth processing of 
monazite using a conventional alkaline treatment route.  
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2.4 Summary and Concluding Remarks 
In this study, the deportment of uranium and thorium decay chain radionuclides in a 
conventional industrial process for the extraction of REE from monazite concentrate was 
investigated.  
The results presented are, to the author’s best knowledge, the first time in which the 
deportment of all radionuclides in the 
238
U and 
235
U decay chains has been reported.  
The results are of particular importance, since it was found that significant concentrations 
of radionuclides report to the rare earth chloride leach liquor, which can have a detrimental 
effect on final product quality. Furthermore, this study highlighted the various issues 
associated with the accurate measurement of radionuclides from the uranium decay chains, 
particularly at low concentrations and also in the presence of high concentrations of the 
REE and thorium decay chain radionuclides, in particular 
228
Th. These included inadequate 
separation of REE from thorium isotopes during radiochemical separation to produce a 
230
Th alpha source, interference of REE in neutron activation analysis techniques and 
ingrowth of 
228
Th daughters in beta-counting sources. 
These findings emphasise the need to develop an alternative radiochemical analysis 
procedure whereby interfering matrix elements can be separated prior to final radionuclide 
source preparation. The results of an investigation into a possible alternative route for the 
separation of matrix elements is given in Chapter Five. 
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Chapter 3: An Alternative Route for 
Rare Earths Recovery from Bastnasite Ore 
3.1 Introduction 
Bastnasite is a rare earth fluorocarbonate mineral which contains around 70% REO, up to 
0.2% ThO2 and negligible amounts of uranium.
1,2
 Bastnasite is composed of mainly the 
LREE and is of major economic significance. Over the last 50 years, the mineral has 
replaced monazite as the main source of refined REE due to the discovery and 
development of bastnasite deposits at the Mountain Pass mine in California and the 
Bayan Obo mine in China.
3
 The bastnasite ores from Mountain Pass and Bayan Obo are 
able to be beneficiated by froth flotation and other unit operations to produce high grade 
concentrates – up to 60% REO at Mountain Pass and 50–60% REO in China.3,4  
Not all ores are able to be beneficiated to higher grades however, and the rising demand 
for the REE makes it increasingly important to develop processes for successfully 
extracting these metals from low-grade sources. 
Very few studies on hydrochloric acid leaching of bastnasite have been reported, and these 
have been reviewed in Chapter One. Hydrochloric acid leaching of bastnasite was used in 
industry by Thorium Limited (United Kingdom), which operated until January 1976.
5
 In 
this process, bastnasite concentrate (70% REO) was leached with an equal weight of 
concentrated hydrochloric acid for six to eight hours. A further amount of concentrated 
hydrochloric acid (40% of dry weight of bastnasite) was then added and the reaction 
conducted at 100 °C for an additional four to six hours.  
In most of the studies reported, hydrochloric acid leaching is carried out at high 
temperature (85–90 °C)6,7 and on high-grade bastnasite concentrates.6-8 Kruesi and Duker 
employed an acid addition of 1.8 kg HCl/kg concentrate and found that although a high 
leach temperature resulted in acid losses, it was nevertheless required to maximise mineral 
decomposition.
6
 Approximately 93% of the REE were extracted by the hydrochloric acid 
leach, while the remaining REE reportedly formed (insoluble) fluorides and reported to the 
leach residue. 
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Bian et al. found that the leaching kinetics of bastnasite concentrate (using 
96 kg 100% HCl/kg REO) followed a shrinking core model which initially proceeded by 
diffusion of the lixiviant through the porous product layer.
8
 The REE recovery after 
90 minutes was estimated to be approximately 58%. 
More recently, Li et al. reported the direct leaching of Baotou mixed rare earth concentrate 
with a HCl–AlCl3 solution at 85 °C over 90 minutes.
7
 Leaching with a mixed HCl–AlCl3 
solution resulted in the formation of a stable aluminium fluoride anion and release of the 
rare earth ions according to Equation 3.1: 
Equation 3.1                          2REF3 + Al
3+
 → [AlF6]
3-
 + 2RE
3+
 
Using this approach, bastnasite was completely dissolved by the HCl–AlCl3 solution; 
however monazite and cheralite (also a rare earth phosphate mineral) were not leached. 
Oxalate precipitation may be used as a potential route for selectively recovering the REE 
from solution. Chi and Xu investigated REE precipitation by oxalic acid (Equation 3.2) 
using a solution chemistry approach.
9
  
Equation 3.2                           2RE
3+
 + 3C2O4
2-
 ↔ RE2(C2O4)3 
The authors found that oxalic acid consumption was influenced by three factors; the 
stoichiometric requirement of oxalic acid to complex the REE, the amount of oxalic acid 
required to precipitate or complex impurity elements, and the excess of oxalic acid 
required to ensure complete precipitation of the REE. The excess requirement for 
oxalic acid may be explained by its two-step dissociation equilibrium in solution, which is 
shown below (Equation 3.3 and Equation 3.4): 
Equation 3.3                            H2C2O4 ↔ H
+
 + HC2O4
-
                             K1 = 5.90 x 10
-2
 
Equation 3.4                             HC2O4
-
 ↔ H+ + C2O4
2-
                              K2 = 6.40 x 10
-5
 
At pH 7, the predominant species in solution is the C2O4
2-
 species. However at pH 2, the 
preferred pH for rare earth oxalate precipitation, the main species in solution is the HC2O4
-
 
species. Consequently, excess oxalic acid is required to maintain an adequate 
concentration of C2O4
2- 
species in solution at pH 2 to precipitate/complex all of the 
relevant elemental components. The authors found that for a precipitation reaction carried 
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out at pH 1.5, up to 60 mM additional oxalic acid was required to maintain a residual REE 
concentration of 10
-5 
M. Below pH 0, H2C2O4 is the predominant species. 
The pH dependence of REE recovery and product purity during oxalate precipitation was 
also studied by Chi and Xu.
9
 Solid oxalic acid was added to weathered clay leachate and 
afterwards the residue was collected by filtration and washed with one percent oxalic acid 
solution.
*
 REE recovery was found to continue increasing up to pH 4. However, product 
purity was found to decrease with increase in pH, potentially due to the formation of 
aluminium hydroxide and iron hydroxide. The optimum precipitation pH was found to be 
pH 1.7–2.0, and a precipitation time of 40 minutes was sufficient to achieve substantial 
REE recovery. Highest recoveries of the REE were obtained when the precipitation was 
conducted at an oxalic acid to REE mole ratio of approximately 3.3. 
Oxalate precipitation with oxalic acid has been widely used for the recovery of REE from 
a range of media including nitrate,
10
 chloride
11-13
 and sulfate.
14,15
 Other oxalate sources 
including sodium
11
 and ammonium oxalate
16
 have also been investigated. While the 
temperature of the oxalate precipitation was not defined in the investigations of Chi and 
Xu,
9
 in some literature, the precipitation is reported to have been carried out at 35 °C
10
 
while in other cases it was carried out at 65 °C or above.
11
 The oxalate is sometimes added 
at ambient temperature
10
 or as a hot/warm
13
 solution. Although the precipitation has the 
advantage of selectivity for REE over impurities such as iron, aluminium, beryllium, 
ruthenium, strontium, zirconium and niobium; quantitative results are generally not 
available.
10,16,17
 Furthermore, little information is available that explains the differences 
between the various experimental conditions reported. 
Rare earth oxalates are normally roasted at temperatures greater than 1000 °C to convert 
the rare earth oxalate to the refractory REO, and then leached using high acid 
concentrations. The rare earth oxalates are only soluble in high concentrations of mineral 
acids.
14
 However, caustic conversion of the oxalate residues may be used to convert the 
oxalates to the more easily solubilised hydroxide form. Barghusen et al. reported the 
caustic conversion of a rare earth oxalate precipitated from a monazite sulfate solution.
14,15
 
In this process, the rare earth oxalates were reacted with a ten percent excess of 
2.5 M sodium hydroxide solution for one hour at 95 °C. Sodium oxalate was washed from 
                                                 
*
 Flowsheets for some of the processes described on this page are available in Appendix Four. 
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the rare earth hydroxide residue with two portions of hot water, equal in volume to the 
filtrate.
14
 
The caustic conversion of an oxalate precipitate obtained from xenotime,
12
 gadolinite and 
apatite
13
 has also been reported. Further reports on the caustic conversion of oxalate 
precipitate obtained from monazite have also been published.
12,18
 Caustic conversion of an 
oxalate is generally conducted at approximately 95 °C over one hour, using 
sodium hydroxide,
11,13,19
 although the use of potassium hydroxide
20
 has also been reported. 
Fareeduddin et al. found that at 70 °C, three hours was required for the 
caustic conversion.
11
 Sodium hydroxide concentrations of between 10–70% have been 
reported for the conversion.
7,8,11-13 
The objective of the present study was to develop an alternative route for extracting the 
REE from a bastnasite-containing ore, in order to produce a concentrated rare earth 
chloride liquor of suitable purity to feed a solvent extraction rare earth separation refinery. 
The proposed route involved decomposition of the bastnasite-containing ore by direct 
hydrochloric acid leaching, followed by precipitation of the REE as oxalates. 
In the current commercial processes, a high temperature roasting step is used to 
decompose bastnasite. Here, the aim was to leach a low-grade ore directly with 
hydrochloric acid, at relatively low temperature and ambient pressure, and avoid a high 
temperature roast. Most processes using oxalate precipitation are followed by high 
temperature calcination of the rare earth oxalates to rare earth oxides,
21-23
 but in the present 
study it was proposed to investigate caustic conversion of the oxalate residue, which is 
infrequently reported in the literature.
12,13,18,19
  
3.2 Experimental 
3.2.1 Instrumentation 
XRD and SIROQUANT Analyses 
XRD analysis was obtained using a Philips PW 1729 goniometer with CuKα radiation at 
40 kV and 35 mA. Step scans were undertaken from 2 to 90 ° 2θ, with a step interval of 
0.04 ° 2θ and five seconds count time per step. Mineral identification was performed using 
Bruker Eva search/match software. A quantitative XRD analysis software package, 
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SIROQUANT
TM
, was used to determine the relative concentrations of the identified 
minerals. The analyses were performed at CSIRO, North Ryde, by Dr Mihaela Grigore. 
3.2.2 Bastnasite Processing Experimental Methods 
Two samples of bastnasite-containing ore (Ore A and Ore B) were used in the following 
investigations. The samples were supplied to ANSTO as representative samples of 
potentially commercially exploitable resources, and are referred to here as ‘Ore A’ and 
‘Ore B’. 
Single-Stage Acid Leach Procedure 
Ore A (P80≈100 µm) was slurried in water in a baffled titanium tank with concentrated 
hydrochloric acid (250–850 g 100% HCl/kg ore†) added to yield the desired initial acid 
concentration. The leach was agitated by means of an overhead stirrer. Leach parameters 
were as follows: the initial hydrochloric acid concentration in the slurry was varied from 
18–37% (w/w), the initial solids density of the acidic slurry varied from 22–40% (w/w), 
the temperature ranged between 40–80 °C and the leach was conducted for up to 
three hours. 
Ore B (P80≈100 µm) was slurried in water in a baffled titanium tank with concentrated 
hydrochloric acid (200–500 g HCl/kg ore) added to yield the desired initial acid 
concentration. The leach was agitated by means of an overhead stirrer. Leach parameters 
were as follows: the initial hydrochloric acid concentration in the slurry was 19% (w/w), 
the initial solids density of the acidic slurry varied from 28–49% (w/w), the temperature 
was maintained at 80 °C and the leach was conducted for two hours. 
Elemental extraction results for the single-stage leaches were calculated using the solid 
and liquor assays at the end of the leach. For investigations to determine the optimum 
leaching time, slurry samples were taken during the leach. Mass balances for the 
single-stage leaches were calculated by reconciling extractions based on both solid and 
liquor assays, and were in general within ± 10% error. 
 
 
                                                 
†
 In future, denoted as g HCl/kg ore. 
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Two-Stage Counter-Current Acid Leach Procedure 
A single-stage leach of Ore B with concentrated hydrochloric acid (300 g HCl/kg ore) was 
conducted to generate leach liquor or pregnant leach solution (PLS) containing 1.6 M free 
hydrochloric acid. Ore B was leached with the PLS in stage one, to generate a final liquor 
containing approximately 0.4 M free hydrochloric acid. In stage two, the partially leached 
residue was leached further with concentrated hydrochloric acid (300 g HCl/kg ore added 
to stage one). The stage two leach liquor was then recycled back to the stage one leach 
along with the first wash. A schematic representation of the two-stage counter-current 
leach is shown in Figure 3.15 (page 118). All leaches were conducted for two hours at 
80 °C and the process was repeated over three cycles. 
Elemental extraction results for the two-stage leaches were calculated using the solid and 
liquor assays in each stage. Small samples of slurry in stage one and leach liquor in 
stage two were collected so as not to substantially alter the liquor recycle volumes to 
stage one and leach residue feed to stage two. Mass balances for the two-stage leaches 
were calculated by reconciling extractions based on both solid and liquor assays, and were 
in general within ± 10% error. 
Free Acid Determination on Chloride Liquors 
Free acid determination was carried out by titrating an aliquot of chloride liquor diluted in 
potassium oxalate solution (280 g L
-1
,
 
75 mL) to pH 6.50 with sodium hydroxide solution. 
Rare Earth Oxalate Precipitation from Chloride Liquor 
Chloride leach liquor was adjusted to a free acidity of approximately 0.4 M using 
concentrated ammonia. Solid sodium oxalate was then added and the REE were 
precipitated at 50 °C over two hours. The slurry was filtered hot and the precipitate was 
repulp washed with one percent oxalic acid followed by deionised water.  
Caustic Conversion of Rare Earth Oxalate and Mild Hydrochloric Acid Leaching 
Caustic conversion of rare earth oxalate was conducted at 95 °C for one hour using 
2.5 M sodium hydroxide at 150% of the calculated stoichiometric requirement for the REE 
and impurities present in the bulk sample. The wet rare earth hydroxide residue was then 
leached with hydrochloric acid at pH 1.0 and ambient temperature. 
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3.3 Results and Discussion 
3.3.1 Characterisation of Bastnasite-Containing Ore 
 Mineralogy 3.3.1.1
QEMSCAN particle mineralogical analyses were carried out on representative samples of 
the bastnasite-containing ore samples, Ore A and Ore B. Chemical formulae of the various 
minerals are given in Table 3.1. QEMSCAN could not differentiate between the 
iron-containing minerals, and these were grouped as an ‘iron oxide/hydroxide’ phase. The 
mineralogical compositions of the ore samples obtained by QEMSCAN analysis are 
presented in Figure 3.1. 
QEMSCAN analysis revealed that Ore A and Ore B were of similar mineralogy. 
Iron oxide/hydroxide [48% (w/w)], baryte [24% (w/w)] and quartz [12% (w/w)] were the 
main phases occurring in Ore A. However, the iron oxide/hydroxide content in Ore B was 
approximately 50% lower than the iron oxide/hydroxide content in Ore A. Ore B contained 
approximately equal proportions of iron oxide/hydroxide [25% (w/w)], 
quartz [29% (w/w)] and baryte [26% (w/w)]. Other gangue phases such as jacobsite, 
pyroxene and ilmenite were present in both ore samples, while Ore B also contained 
3.9% (w/w) carbonates (predominantly as dolomites). 
Table 3.1: Chemical formula of various minerals present in the bastnasite-containing ores. 
Mineral Formula Mineral Formula 
Bastnasite (Ce,La)(CO3)F Quartz SiO2 
Iron 
Oxide/Hydroxide 
FexOy/FeO(OH) Synchysite Ca(Ce,La)(CO3)2F 
Jacobsite (Mn
2+
, Fe
2+
, Mg)(Fe
3+
, Mn
3+
)2O4 Dolomite (Ca, Mg)(CO3)2 
Baryte BaSO4 Cerianite (Ce
4+
, Th)O2 
Pyroxene (Fe, Mg, Na, Ca)xSi2O6 Parisite Ca(Ce, La)2(CO3)3F2 
Ilmenite FeTiO3   
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Ore A Ore B 
Figure 3.1: Modal mineralogy of bastnasite-containing Ore A and Ore B samples 
[% (w/w)]. 
Bastnasite (mainly in the form of bastnasite-Ce-La) was the main rare earth-bearing phase 
in both Ore A and Ore B; however, the abundance of bastnasite in Ore A was 5.9% (w/w), 
which was higher than in Ore B [4.4% (w/w)]. Small quantities of other rare earth-bearing 
minerals including parisite, synchysite, cerianite, monazite besides further 
rare earth-bearing minerals which could not be conclusively identified by QEMSCAN 
were also found in Ore A and Ore B. These were grouped under ‘Other REE Minerals’. 
The rare earth-bearing minerals had a total abundance of [9.5% (w/w)] in Ore A and 
[6.7% (w/w)] in Ore B, namely approximately 30% lower than in Ore A. The distribution 
of the various rare earth-bearing minerals is given in Table 3.2. 
 
48% 
5.9% 1.4% 
24% 
2.4% 
0.9% 
12% 
3.6% 
2.3% 
25% 
4.4% 
1.2% 
26% 
1.9% 
0.4% 
29% 
2.4% 
9.5% 
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Table 3.2: Percent distribution of the rare earth-bearing minerals in Ore A and Ore B. 
Ore ID 
Abundance         
REE Minerals  
[% (w/w)] 
Bastnasite Parisite Synchysite Cerianite Monazite 
Other 
REE 
Minerals 
Ore A 9.5 62 4.1 0.53 13 4.5 16 
Ore B 6.7 65 1.8 1.5 8.5 6.1 18 
Mineral association data for the bastnasite-containing ore samples were calculated using 
QEMSCAN. Liberation refers to the separation or release of valuable minerals from 
associated gangue minerals.
24
 A significant quantity of bastnasite in both Ore A and Ore B 
occurred in grains with a degree of liberation of at least 70%, but this was higher for 
Ore B (46%) than for Ore A (35%). A small proportion of bastnasite in Ore A was present 
in binary and ternary phase particles with gangue phases such as iron oxide/hydroxide, 
quartz, baryte and hollandite; or encapsulated within large multi-phase clusters. 
Approximately 37% of bastnasite in Ore A was in contact with the main gangue phase, 
iron oxide/hydroxide. In contrast, the association of bastnasite with the 
iron oxide/hydroxide phase in Ore B (in which iron oxide/hydroxide was almost half that 
of Ore A) was approximately 13% lower than in Ore A. BSE images of the ore samples are 
shown in Figure 3.2. 
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Figure 3.2: BSE images showing (A) a particle containing bastnasite-La and a Ca, Ce, F, 
C, O-rich phase and (B) a multi-phase particle comprised of bastnasite, quartz and 
iron oxide/hydroxide in Ore A; (C) a liberated bastnasite particle and (D) a particle 
containing both synchysite and parasite in Ore B. 
Quantitative XRD analysis conducted on the two ore samples was used to identify the 
iron-containing minerals in the samples (see Table 3.3). From the XRD results, the ores 
contained between 33–35% (w/w) of iron-bearing minerals including goethite, hematite 
and a manganese iron oxide compound. The distribution of these iron minerals varied 
between the samples however; goethite [22% (w/w)] was the main iron-bearing mineral in 
Ore A, and hematite [24% (w/w)] was the most abundant iron phase in Ore B. 
 
A B 
C D 
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Table 3.3: Quantitative XRD data for Ore A and Ore B. 
Mineral Formula 
Weight Percent Abundance 
Ore A Ore B 
Quartz SiO2 9.5 15 
Baryte BaSO4 45 41 
Bastnasite Ce(CO3)F 9.4 9.4 
Goethite FeO(OH) 22 9.5 
Hematite/ 
manganese iron oxide 
Fe2O3/ 
Mn0.176Fe1.824O3 
13 24 
From Table 3.3 it can also be seen that the relative distribution of iron and baryte phases as 
calculated by XRD differed from those obtained by QEMSCAN analysis for both ore 
samples. The difference may be due to XRD not being able to detect amorphous materials 
in samples, whereas QEMSCAN does detect both amorphous and crystalline minerals 
regardless of particle size. On the other hand, QEMSCAN sample preparation can result in 
the preferential settling of more dense particles, and hence may result in a biased 
distribution of mineral phases. 
 Elemental Analysis 3.3.1.2
The elemental composition of the bastnasite-containing ore samples was determined using 
ICP-OES and ICP-MS analysis of the fusion and then acid digest liquor from the solid, as 
well as by XRF spectrometry of the solid.  
Elemental results indicated that the two bastnasite-containing ore samples contained 
different concentrations of the REE (Table 3.4). The elemental results are based on the 
analysis of a single sample. Ore A contained 5.2% (w/w) of the TREE+Y, whilst Ore B 
contained 3.9% (w/w) of the TREE+Y. These results agreed with those from QEMSCAN 
analysis which also indicated that the abundance of rare earth minerals (including 
bastnasite) was lower in Ore B than in Ore A. 
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Table 3.4: REE concentrations in the bastnasite-containing ore samples.
‡
 
Element 
Concentration [% (w/w)] 
Ore A Ore B 
La 1.5 1.1 
Ce 2.4 1.8 
Pr 0.26 0.19 
Nd 0.81 0.59 
Sm 0.09 0.07 
Eu 0.02 0.02 
Gd 0.02 0.03 
Tb 0.001 < 0.002 
Dy 0.002 0.003 
Ho < 0.001 < 0.002 
Er < 0.001 < 0.002 
Tm < 0.001 < 0.002 
Yb < 0.001 < 0.002 
Lu < 0.001 < 0.002 
Y 0.01 0.01 
Sc 0.01 0.03 
TREE+Y 5.2 3.9 
LREE (La-Nd) 5.0 3.8 
MREE (Sm-Gd) 0.13 0.12 
HREE (Tb-Lu) 0.01 0.03 
                                                 
‡
 ICP and XRF data for LREE and MREE was similar. HREE data was obtained from ICP-MS on fusion 
digest liquors, as ICP-MS gave lower detection limits than XRF. 
104 
The distributions of the LREE in Ore A and Ore B are given in Table 3.5. From this data, 
the LREE are seen to make up more than 95% of the TREE+Y present in the 
bastnasite-containing ore samples. Cerium was the most abundant of the TREE+Y, 
followed by lanthanum and neodymium.  
Table 3.5: Percent distribution of the LREE in Ore A and Ore B. 
Content relative to TREE+Y 
[% (w/w)] 
La Ce Pr Nd Total LREE 
Ore A 30 47 5.1 16 98 
Ore B 29 47 4.9 15 96 
The concentrations of individual impurity elements are presented in Table 3.6. The main 
impurity elements included iron, barium and silicon in both Ore A and Ore B. Although 
the barium concentration was the same in both ores [21% (w/w)], silicon was higher in 
Ore B [11% (w/w)] than in Ore A [7.9% (w/w)]. 
The concentration of iron was also lower in Ore B [18% (w/w)] than in 
Ore A [23% (w/w)]. The QEMSCAN results showed that Ore A contained 
48% (w/w) iron oxide/hydroxide, whilst Ore B contained 25% (w/w) iron oxide/hydroxide. 
With respect to this, it is noted that the XRD results resolve the iron phases into two 
distinct minerals with varying iron abundances.  
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Table 3.6: Other elements present in the bastnasite-containing ore samples.
§
 
Element 
Concentration [% (w/w)] 
Ore A Ore B 
Al 0.32 0.55 
Ba 21 21 
Ca 0.09 0.84 
Cr 0.004 < 0.001 
Cu 0.01 0.01 
Fe 23 18 
Mg 0.18 0.31 
Mn 1.2 0.88 
Na < 0.01 < 0.01 
Nb 0.11 0.08 
P 0.18 < 0.20 
Pb 0.02 0.02 
S 4.8 4.9 
Si 7.9 11 
Sr 0.13 0.11 
Th 0.01 0.01 
Ti 0.48 0.35 
U 0.006 < 0.002 
V 0.02 0.01 
Zn 0.08 0.01 
Zr 0.02 0.02 
Fluoride 0.45 0.36 
                                                 
§
 Lead, thorium and uranium values obtained by fusion digest/ICP-MS. Fluoride obtained by 
digest/ion selective electrode (ISE) analysis. Other elements obtained by XRF. 
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3.3.2 Direct Hydrochloric Acid Leaching of Bastnasite-Containing Ore 
 Single-Stage Leaching 3.3.2.1
Initial optimisation of the hydrochloric acid leaching of Ore A and Ore B examined the 
effect of hydrochloric acid addition on the extraction of the LREE. A series of tests were 
carried out in which the acid addition was varied from 250 to 850 g HCl/kg ore for Ore A, 
and 200 to 500 g HCl/kg ore for Ore B. The initial hydrochloric acid concentration for 
Ore A was kept constant at 24% (w/w) for all leaches except for the leach at 250 g HCl/kg 
ore where it was 16% (w/w); and the initial hydrochloric acid concentration for Ore B was 
kept constant at 19% (w/w). The leach temperature was 80 °C, while the leach time was 
three hours for Ore A and two hours for Ore B. The acid was typically added over 
60 minutes to cope with frothing due to dissolution of carbonate minerals, and the leach 
time was measured from when the acid addition was complete. The effects of acid addition 
on elemental extractions from Ore A are shown in Figure 3.3.
**
 Leaching equations for 
iron, LREE and fluoride (discussed later) are available in Appendix Four. 
 
Figure 3.3: Effect of hydrochloric acid addition on leach extractions for Ore A. Leaches 
were conducted at 80 °C for three hours. 
Leaching of the LREE from Ore A was found to be heavily dependent on 
hydrochloric acid addition, increasing to more than 95% extraction at 750 g HCl/kg ore or 
higher. Based on the LREE extractions, optimum acid addition for leaching of Ore A was 
                                                 
**
 The results presented here and in the remainder of this chapter are based on a single measurement. 
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found to be 750 g HCl/kg ore, as increasing the acid addition by 100 g/kg ore only resulted 
in a two percent increase in the LREE extraction. 
The extraction of aluminium and iron with respect to acid addition closely followed that of 
the LREE and also increased continuously with increasing acid addition from 
250 to 850 g HCl/kg ore. Maximum iron extraction was 82% at 750 g HCl/kg ore. 
Aluminium extraction was 47% at 250 g HCl/kg ore, and this increased to 95% at 
750 g HCl/kg ore.  
Similarly, the extraction of fluoride was also closely related to the LREE extractions, 
ranging from 64–68% at acid additions of 250 and 350 g HCl/kg ore, and 84–99% at acid 
additions greater than 450 g HCl/kg ore (Table 3.7). As mentioned in Section 3.1, 
literature reports suggest that the REE are complexed by fluoride and precipitated during 
bastnasite concentrate leaching,
6
 however, these may be redissolved at higher acid 
addition. Li et al. reported the hydrochloric acid leaching of a bastnasite-monazite 
concentrate blend in the presence of aluminium chloride to form a stable aluminium 
fluoride ion and release the REE.
7
 In the present study, the aluminium to fluoride mole 
ratio in the chloride leach liquors varied from 0.33 to 0.54 (except for the leach at 
450 g HCl/kg ore, where it was 0.19). Sufficient aluminium was therefore theoretically 
present in most cases to complex the fluoride as an [AlF6]
3- 
complex, although Li et al. 
employed a significantly higher aluminium to fluoride mole ratio of 17.5.
7
 Possible 
fluoride complexation by either the REE and/or aluminium was not investigated further in 
this study. Alternatively, the fluoride might be leached and form hydrofluoric acid in 
solution (see Equation 5.1 in Appendix Four). 
Table 3.7: Effect of hydrochloric acid addition on fluoride extractions for Ore A. Leaches 
conducted at 80 °C for three hours. 
Acid Addition  
(g HCl/kg ore) 
250 350 450 550 650 750 850 
% Extraction, F 68 64 93 84 89 99 99 
Barium extraction from Ore A was one percent and independent of acid addition, while 
high manganese extraction (95%) was obtained at a relatively low acid addition of 
350 g HCl/kg ore. Only one percent of titanium leached at 250 g HCl/kg ore, with a 
significant increase measured once acid addition increased above 550 g HCl/kg ore.  
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As with Ore A, the LREE and iron extraction for Ore B was found to increase with 
increasing acid addition (Figure 3.4). Extraction of the LREE reached a maximum of 98% 
at 500 g HCl/kg ore, which is a significantly lower acid addition than for Ore A. In 
addition, iron and aluminium extraction again followed the LREE extraction. A maximum 
of just 48% of iron was extracted at acid additions equivalent to or greater than 
400 g HCl/kg ore, which was significantly lower than the iron extraction at the same acid 
addition for Ore A (approximately 60%). The maximum aluminium extraction was 79% 
and was also lower than the maximum aluminium extraction from Ore A (95%). Fluoride 
extraction ranged from 65–90% at acid additions between 200 and 500 g HCl/kg ore 
(Table 3.8). 
 
Figure 3.4: Effect of hydrochloric acid addition on leach extractions for Ore B. Leaches 
were conducted at 80 °C for two hours. 
Table 3.8: Effect of hydrochloric acid addition on fluoride extractions for Ore B. Leaches 
conducted at 80 °C for two hours. 
Acid Addition  
(g HCl/kg ore) 
200 300 400 500 
% Extraction, F 65 89 87 90 
The extractions of manganese (greater than 96%) and barium (one percent) from Ore B 
were independent of acid addition. However, the extraction of titanium increased with 
increasing acid addition to 13% at 500 g HCl/kg ore. Based on the above results, the 
optimum acid addition for Ore B was found to be 400 g HCl/kg ore. 
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The acid consumption of Ore B was approximately 45% lower than Ore A under optimum 
leaching conditions. Similarly, extraction of iron (a major impurity element) was 
significantly lower from Ore B than from Ore A. These differences may be explained by 
the ore mineralogy, since Ore A contained a significant quantity of the more easily leached 
goethite
25
 [22% (w/w)] compared with Ore B [approximately 9.5% (w/w)], while Ore B 
contained a higher abundance of the more refractory mineral hematite [24% (w/w)]. 
Quantitative XRD results obtained on the residue from the leach of Ore A at 
750 g HCl/kg ore indicated that the leach residue consisted mainly of baryte, quartz, 
hematite and pseudobrookite (see Table 3.9). Goethite was not detected in the XRD on the 
leach residue, which might indicate that it had been completely leached or became 
amorphous during leaching. Total mass balance for iron was observed. These results agree 
with the literature which indicates that quartz
26
 and baryte
27
 are not leached with 
hydrochloric acid. Ilmenite-based minerals such as pseudobrookite are known to be 
leached to some extent with hydrochloric acid.
28
  
In addition, the difference in acid consumption may also have been due to the differences 
in the association of bastnasite with iron oxide/hydroxide phases in the two minerals, 
which was approximately 16% lower in Ore B compared with Ore A. 
Table 3.9: Relative abundance of minerals present in the leach residue from leaching of 
Ore A.
††
  
Mineral Formula 
Relative Abundance 
[% (w/w)] 
Quartz SiO2 18 
Baryte BaSO4 69 
Hematite Fe2O3 12 
Pseudobrookite Fe2TiO5 1.5 
The hydrochloric acid concentration in the final leach liquor from Ore A and Ore B also 
increased with increasing acid addition. Hydrochloric acid concentration in the final leach 
liquor from Ore A was 0.22 M at 250 g HCl/kg ore and this increased to 2.3 M at an acid 
addition of 750 g HCl/kg ore (Figure 3.5).  
                                                 
††
 Conditions: 750 g HCl/kg ore, 24% (w/w) initial solids density, 24% (w/w) initial acid concentration, 
80 °C, three hours. 
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Figure 3.5: HCl concentration in the leach liquor versus HCl addition to the leach for 
Ore A. Leaches were conducted at 80 °C for three hours. 
The final hydrochloric acid concentration for Ore B was 2.2 M at the optimum acid 
addition of 400 g HCl/kg ore and this was similar to the optimum single-stage leach of 
Ore A with 750 g HCl/kg ore (Figure 3.6). LREE extraction from both ores correlated 
strongly with the increase in free acidity of the leach solution, and as the free acidity of the 
leach liquor increased, the extraction of the LREE also increased. 
 
Figure 3.6: HCl concentration in the leach liquor versus HCl addition to the leach for 
Ore B. Leaches were conducted at 80 °C for two hours. 
The mass losses for Ore A and Ore B during leaching also increased with increasing acid 
addition. The mass loss for Ore A increased particularly between 250 and 450 g HCl/kg 
ore (Figure 3.7). At the optimum acid addition of 750 g HCl/kg ore, the mass loss of Ore A 
was 47%.  
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Figure 3.7: Percent mass loss of Ore A during the HCl leach at 80 °C for three hours 
versus acid addition. 
The mass loss of Ore B was 24% at 400 g HCl/kg ore and thus lower than the mass loss 
from Ore A at optimum acid addition (Figure 3.8). The LREE extraction from Ore A and 
Ore B was also related to the mass loss during the leach and increased with increasing 
dissolution of the ore. Evidently, high acid addition and mass loss were required to obtain 
high rare earth extractions from both ores.  
 
Figure 3.8: Mass loss of Ore B during the HCl leach at 80 °C for two hours versus 
acid addition. 
Further optimisation of leaching conditions including leach temperature, time, initial solids 
density and initial acid concentration were carried out on Ore A. Leach temperature was 
found to have a significant impact on the degree of LREE and iron extraction (Figure 3.9). 
Leaching was conducted at 750 g HCl/kg ore with the temperature varied between 40 and 
80 °C. Decreasing the leach temperature resulted in a significant decrease in extraction of 
the LREE. At 80 °C, 95% of the LREE was extracted, but this decreased to 68% at 40 °C. 
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Figure 3.9: Effect of temperature on leach extractions at 750 g HCl/kg ore, three hours, 
24% (w/w) HCl initially, 24% solids for Ore A. 
The effect of temperature on the leaching of iron again paralleled the effect on the LREE, 
even though neither barium or manganese extraction was affected. The temperature did 
have a small impact on titanium extraction however, increasing from six percent extraction 
at 40 °C to 34% at 80 °C. Aluminium extraction increased sharply from 40% at 40 °C to 
60% at 60 °C, while fluoride extraction increased from 55 to 99% between 40 and 80 °C 
(Table 3.10). 
Table 3.10: Effect of temperature on fluoride extractions for Ore A at 750 g HCl/kg ore, 
three hours, 24% (w/w) HCl initially and 24% (w/w) solids. 
Leach Temperature (°C) 40 60 80 
% Extraction, F 55 81 99 
The effect of leach time on the respective extractions from Ore A is shown in Figure 3.10. 
Leaching was conducted at 750 g HCl/kg ore and 80 °C, with slurry samples being taken 
during the leach. Increasing the leach time from one to three hours resulted in a slight 
increase in extraction of the LREE. This effect was most pronounced in the first two hours 
of the leach; after two hours, 94% of the LREE was recovered compared to 91% LREE 
recovery after one hour. The LREE extraction at three hours was 95%. Iron extraction also 
followed the LREE extraction and increased by 14% to 82% after three hours of leaching. 
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Figure 3.10: Extractions versus Time for the 750 g HCl/kg ore leach at 80 °C. Results for 
Ore A. 
Aluminium extraction was analogous to that of the LREE, increasing from 89% at the end 
of one hour to 94% at the end of two hours. Manganese and barium extraction was found 
not to be dependent on leach time; however titanium extraction increased from 15% at the 
end of one hour to 34% at the end of three hours. 
The effect of initial solids density, and consequently the initial hydrochloric acid 
concentration, was also investigated at a fixed hydrochloric acid addition of 
650 g HCl/kg ore. Initial solid densities between 22–36% (w/w) were investigated. 
Increases in solids density resulted in increased corresponding initial hydrochloric acid 
concentrations to between 18–37% (w/w). The results are presented in Figure 3.11. 
 
Figure 3.11: Initial HCl concentration versus LREE and iron extraction at various initial 
solids densities for Ore A. Leach conditions: 650 g HCl/kg ore at 80 °C for two hours. 
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Extraction of the LREE remained unchanged at initial solids densities between               
22–27% (w/w) and initial acid concentrations of 18–24% (w/w). The extraction of LREE 
decreased above an initial solids density of 27% (w/w) [initial acid concentration of 
24% (w/w)] and at the maximum solids density of 36% (w/w), extraction of the LREE 
decreased to 81%. In contrast, iron extraction continued to increase with initial 
hydrochloric acid concentration and reached 88% at the maximum slurry density of 
36% (w/w), with the initial hydrochloric acid concentration being 37% (w/w). 
A similar investigation was conducted at 750 g HCl/kg ore in which the initial solids 
density was increased from 22 to 31% (w/w), yielding an increase in the initial 
hydrochloric acid concentration from 24 to 33% (w/w). The leach was conducted for 
two hours. At this acid addition, it was observed that extraction of the LREE was 
independent of the solids density from 22 to 31% (w/w). However, iron extraction 
increased from 84% at an initial hydrochloric acid concentration of 24% (w/w), to 90% at 
the higher initial acid concentration of 33% (w/w). 
The final hydrochloric acid concentration in the chloride leach liquor did not vary greatly 
between the leaches at 650 g HCl/kg ore, regardless of the initial hydrochloric acid 
concentration (Figure 3.12). Since the extraction of the LREE appeared to decrease with 
increasing initial acid concentration, this indicated that the excess initial acid was 
consumed by impurities such as iron, whose extraction increased with increasing initial 
acid concentration. 
 
Figure 3.12: LREE and iron extraction and final free HCl vs. initial acid concentration for 
Ore A. Leach conditions: 650 g HCl/kg ore, 80 °C, two hours. 
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QEMSCAN analysis was carried out on the leach residue from the test conducted at 
650 g HCl/kg ore for two hours at an initial slurry density of 36% (w/w) and initial 
hydrochloric acid concentration of 37% (w/w) to identify the dominant rare earth-bearing 
phase present and examine its liberation. Bastnasite was found to be the dominant 
rare earth-bearing phase in the leach residue, with an abundance of approximately 
1.3% (w/w). The bastnasite was present in the residue as liberated grains 
(14%, > 70% liberation) and as poorly liberated particles with less than 
30% liberation (58%). BSE images revealed the presence of bastnasite particles which had 
been partially altered and particles which were unaltered, suggesting an incomplete 
reaction which either required a longer reaction time, higher acid addition, or a 
combination of both. BSE images of the bastnasite particles from this leach are shown in 
Figure 3.13. 
Based on these results, the optimum conditions for leaching Ore A were determined to be 
750 g HCl/kg ore at 80 °C for two hours, with 24% (w/w) initial solids density and an 
initial hydrochloric acid concentration of 24% (w/w). Optimum single-stage leaching 
conditions for Ore B were found to be 400 g HCl/kg ore at 19% (w/w) initial 
hydrochloric acid concentration and an initial solids density of 33% (w/w), over two hours 
at 80 °C. 
 
Figure 3.13: BSE images of leach residue (from Ore A) (a) a liberated bastnasite particle; 
and (b) a liberated bastnasite particle with some evidence of alteration. 
The consumption of hydrochloric acid for a leach conducted under the above-mentioned 
optimum leaching conditions for Ore A and Ore B was calculated based on the moles of 
A B A B 
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acid required to complex all of the relevant elements contained in the chloride leach liquor 
and the measured free acid concentration of the liquor. This data are shown in Figure 3.14. 
The free acid consumption for each of the final leach liquors was approximately 40% and 
equal within error between Ore A and Ore B. The remainder of the acid was consumed by 
iron, TREE+Y and other impurity elements.  
Iron was the largest consumer of acid for both Ore A and Ore B. Iron in Ore B consumed 
45% of the total acid while in Ore A, iron consumed 53% of the total acid added to the 
leach. These results indicate that significant benefits with respect to reduction in acid 
consumption can be obtained by any rejection of iron-containing gangue minerals prior to 
leaching. 
As the iron content in Ore B was lower than in Ore A, acid consumption by the TREE+Y 
and other impurities increased with respect to Ore A. In particular, hydrochloric acid 
consumption by impurities other than iron increased from one percent in Ore A to 
nine percent in Ore B, while the hydrochloric acid consumption of the TREE+Y increased 
from five percent in Ore A to seven percent in Ore B. 
 
  
Ore A Ore B 
Figure 3.14: Calculated HCl consumption for the leach of Ore A at 750 g HCl/kg ore and 
Ore B at 400 g HCl/kg ore. Both leaches were conducted at 80 °C. 
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 Two-Stage Counter-Current Leach 3.3.2.2
A two-stage counter-current leaching approach aimed at reducing acid consumption 
compared with a single-stage leach, whilst maintaining high REE extraction, was 
attempted with Ore B. Ore was used to consume the excess free hydrochloric acid 
remaining in the chloride liquor after a single-stage leach. The minimum acid addition 
required in the two-stage leaching process was calculated based on the percent extractions 
of the individual elements from Ore B after leaching under the optimum single-stage leach 
conditions for this ore. A final free hydrochloric acid concentration of 
approximately 0.5 M in the rare earth chloride liquor was targeted for conducting the 
oxalate precipitation in the subsequent step. Based on this, the amount of hydrochloric acid 
required to leach the ore and give a final free hydrochloric acid concentration of 
approximately 0.5 M in the chloride liquor was calculated to be about 300 g HCl/kg ore. 
A schematic of the two-stage counter-current leaching approach investigated in this study 
is shown in Figure 3.15. Initially, a single-stage leach operating at 300 g HCl/kg ore with 
an initial hydrochloric acid concentration of 19% (w/w) was conducted to generate 
chloride leach liquor for the two-stage leaching process. After filtering, the residue was 
displacement washed with pH 1.0 hydrochloric acid (‘wash one’) followed by 
deionised water (‘wash two’). The wash one volume was calculated based on the 
difference between the expected total liquor volume, and the volume of chloride liquor 
actually collected after filtration. The wash one volume was kept the same in all 
subsequent stage two leaches and was added to the primary filtrate which was recycled to 
stage one. In stage one, stage two PLS and wash one liquor was contacted with fresh ore 
and the leach conducted for two hours before filtering. The unwashed, partially-leached 
stage one residue was passed on to the stage two leach and contacted with fresh 
hydrochloric acid at 300 g HCl/kg ore (based on ore feed to stage one), targeting an initial 
hydrochloric acid concentration of 19% (w/w). The stage one leach residue was leached 
for two hours before filtering to obtain the stage two leach residue which was washed with 
pH 1.0 hydrochloric acid. The stage two PLS and wash one liquor was passed on to the 
stage one leach again and the process was repeated over two more cycles. The 
percent extraction of the REE and impurities during each stage of the two-stage leaching 
process and the compositions of the resulting liquors and solids are presented in Table 3.11 
and Table 3.12. 
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Figure 3.15: Schematic representation of the two-stage counter-current leaches conducted 
using Ore B. 
300 g 100% HCl/kg ore
Water
Pre-Leach
PF + Wash One
241 g Ore
Stage One Stage Two
Final PF PF + Wash One Leach Residue
241 g Ore
Stage One Stage Two
Final PF PF + Wash One Leach Residue
241 g Ore
Stage One Stage Two
Final PF Leach Residue
partial leach residue
& entrained PF
partial leach residue
& entrained PF
partial leach residue
& entrained PF
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Table 3.11: Extractions of the LREE and major impurities, free HCl and mass loss of 
Ore B (during each leach) using two-stage counter-current leaching.
‡‡
  
 
Two-Stage Counter-Current Leach Single-Stage Leach 
Stage One Stage Two 300 g 
HCl/kg 
ore 
400 g 
HCl/kg 
ore Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 
% Extraction 
La 42 43 46 94 94 95 85 95 
Ce 28 24 30 97 98 98 93 98 
Pr 46 44 45 96 95 96 84 94 
Nd 31 32 36 95 99 99 88 99 
LREE 33 32 36 96 96 97 89 97 
MREE 41 36 43 92 89 91 62 85 
Ba 1 1 1 1 1 1 1 1 
Fe 11 15 27 50 48 60 35 48 
Mn 51 46 53 98 99 99 98 99 
Ti < 1 < 1 < 1 10 10 9 8 11 
% Mass Loss (in each leach) 
 10 15 17 26 27 28 22 24 
Free HCl (M) 
 0.33 0.39 0.45 2.0 1.8 2.2 1.5 2.2 
 
 
                                                 
‡‡
 Conditions: 300 g HCl/kg ore, [HCl]initial 19% (w/w), 80 °C, two hours leach time. 
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Table 3.12: Liquor and solid compositions from stages one and two of the two-stage counter-current cycle leaches with Ore B. 
Element 
Liquor Assays (mg L
-1
) Solid Assays [% (w/w)] 
Stage One Stage Two Stage One Stage Two 
Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3 
Ba 1929 1692 1606 1113 1168 1089 23 22 20 28 28 25 
Fe 52760 67340 62180 66850 73290 65320 20 18 16 13 13 10 
Mn 8394 7479 6167 4266 4961 3947 0.48 0.56 0.50 0.02 0.02 0.01 
Ti 77 142 198 403 516 480 0.41 0.43 0.42 0.42 0.45 0.45 
La 9273 8696 7290 5664 5850 5181 0.74 0.77 0.74 0.10 0.10 0.08 
Ce 13670 13550 13310 12230 13880 12410 1.5 1.6 1.5 0.06 0.06 0.06 
Pr 1490 1472 1357 912 995 927 0.12 0.13 0.12 0.01 0.01 0.01 
Nd 5491 5266 4688 3255 3665 3190 0.45 0.48 0.46 0.04 < 0.01 < 0.01 
Sm 519 511 496 310 355 346 0.05 0.05 0.05 0.01 0.01 0.01 
Eu 103 101 89 63 69 62 0.01 0.01 0.01 0.01 0.01 0.01 
Gd 145 147 160 77 92 109 0.02 0.02 0.02 < 0.01 < 0.01 < 0.01 
TREE+Y 30801 29832 27488 22578 24966 22289 2.9 3.1 3.0 0.26 0.22 0.19 
LREE 29922 28981 26649 22063 24386 21706 2.8 3.0 2.9 0.22 0.18 0.16 
MREE 766 759 745 450 516 516 0.08 0.09 0.08 0.01 0.02 0.01 
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As shown in Table 3.11, extractions of all of the elements in stage one were low 
(excluding barium, for which the extraction during either stage was insignificant). This 
result was as expected; since stage one involved reacting stage two PLS with unreacted 
ore. On the other hand, extractions were high at the end of stage two, since the 
partially-leached ore from stage one was leached with fresh hydrochloric acid in stage two. 
At the end of the third cycle, the extraction of the LREE was 36% in stage one, and 97% in 
stage two. The MREE extraction was 43% in stage one and 91% at the end of stage two (in 
the third cycle).  
The extractions of all of the elemental components from Ore B were higher for the 
two-stage counter-current leaching approach than for the single-stage leaching approach at 
the same acid addition of 300 g HCl/kg ore. During the single-stage leach at 
300 g HCl/kg ore, the LREE extraction was 89%, while extraction of the MREE was 62%. 
The extractions of praseodymium and the MREE were higher than the extractions obtained 
at optimum conditions (400 g HCl/kg ore) during single-stage leaching of Ore B. Overall 
extraction of the MREE at 400 g HCl/kg ore in the single-stage leach was 85%, while the 
overall LREE extraction was 97%.  
The liquor and solid compositions for each cycle listed in Table 3.12 indicate that the 
system was close to approaching steady-state at the end of the third cycle. The stage two 
leach liquor contained approximately 25 g L
-1
 TREE+Y in cycle two and 
27 g L
-1
 TREE+Y in cycle three. Free acid concentration in the stage one chloride liquor 
had not completely stabilised by the end of cycle three; however it was successfully 
decreased to 0.45 M (Table 3.11). Nevertheless, as shown by the data in Table 3.11, 
extractions of the LREE between cycle two and cycle three only changed by about 
four percent in stage one and by approximately one percent in stage two. The mass loss of 
Ore B during the two-stage leaching was higher than the single-stage leaches at 300 and 
400 g HCl/kg ore; reflecting the increased leaching of the MREE, iron and other impurities 
with respect to the single-stage leaches. 
The data presented in Table 3.11 shows that the final free acid concentration in the 
two-stage liquor was decreased by 67% compared with the final free acidity of the 
300 g HCl/kg ore single-stage leach liquor; and by 75% compared with the 
400 g HCl/kg ore (optimum) single-stage leach liquor.  
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The consumption of hydrochloric acid for the two-stage counter-current leach at 
300 g HCl/kg ore was calculated based on the moles of acid required to complex elemental 
components extracted after both leach stages in the second cycle, and the measured 
free hydrochloric acid concentration of 0.45 M after the third cycle stage one leach. The 
consumption of hydrochloric acid was also calculated for the single-stage leaches 
employing 300 g HCl/kg ore and 400 g HCl/kg ore acid additions to leach Ore B (also 
shown in Figure 3.14). The results are compared in Figure 3.16. 
 
Figure 3.16: HCl consumption by individual components in the single-stage 300 and 
400 g HCl/kg ore tests, compared with HCl consumption for the individual elements in the 
two-stage counter-current leaching approach at 300 g HCl/kg ore. Leaches were conducted 
at 80 °C for two hours using Ore B. 
The free hydrochloric acid remaining in the two-stage leach liquor decreased to 
seven percent from 26% of the total hydrochloric acid consumed in the 300 g HCl/kg ore 
and 39% in the 400 g HCl/kg ore single-stage leaches. 
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During single-stage leaching, 400 g HCl/kg ore was consumed in leaching 97% of the 
LREE and 89% of the MREE. However, using two-stage leaching, acid consumption was 
decreased by 25% to 300 g HCl/kg ore. Despite decreasing the acid addition, extraction of 
the LREE was maintained at 97% whilst extraction of the MREE was increased to 91%. 
Furthermore, the acidity of the final chloride liquor was reduced from 2.2 M (in the 
single-stage leach) to 0.45 M in the two-stage leach, which was ideal for downstream test 
work. 
3.3.3 Rare Earth Oxalate Precipitation from Chloride Liquor 
The chloride leach liquors from the single-stage hydrochloric acid leaching studies on 
Ore A were combined to produce a bulk liquor for rare earth oxalate precipitation. The 
combined liquor assay is presented in Table 3.13. The liquor had a TREE+Y concentration 
of 19.5 g L
-1
 and the free hydrochloric acid concentration was 1.7 M. Major impurities in 
the chloride liquor included iron, manganese and barium. 
Table 3.13: Assay of the combined leach liquors from the single-stage HCl leach studies. 
Element Concentration 
(mg L
-1
) 
Major Impurity 
Elements 
Concentration 
(mg L
-1
) 
La 4940 Al 1120 
Ce 9894 Ba 1190 
Pr 824 Ca 340 
Nd 3359 Fe 65600 
LREE 19000 Mn 5550 
MREE 410 Ti 142 
HREE 54 Zn 368 
TREE+Y 19500 Fluoride 1200 
The REE were precipitated from the chloride leach liquor after it was adjusted to a 
free acidity of approximately 0.4 M using concentrated ammonia. The free acidity of the 
liquor was decreased because rare earth oxalate solubility increases with increasing acidity 
of the solution from which the precipitation occurs.
9
 Solid sodium oxalate was added and 
the REE were precipitated at 50 °C over two hours. The slurry was filtered hot and the 
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precipitate was repulp washed with one percent oxalic acid followed by deionised water. 
The chloride liquor turned olive-green following the addition of the sodium oxalate, and 
the precipitate was a fine, green solid upon filtering. A white precipitate was obtained after 
washing. The residue was dried at 40 °C for 48 hours. It was found that further 
precipitation occurred when the filtrate was left to stand for 24 hours. However, further 
precipitation did not occur when the reaction mixture was left to stand overnight before 
filtering. 
Only the effect of oxalate addition on REE precipitation was investigated. The 
stoichiometric requirement of sodium oxalate was calculated based on the amount of 
oxalate required to complex all of the REE and impurities in the feed liquor. The 
theoretical consumption of oxalate by TREE+Y, iron and the remaining impurities present 
in the neutralised chloride liquor is given in Figure 3.17. The calculations indicated that 
90% of the oxalate requirement would, in theory, be complexed by iron and other 
impurities. Iron was calculated to be the largest consumer of oxalate, requiring 
approximately 80% of the total oxalate added. In contrast, it was calculated that only 
ten percent of the oxalate was consumed by the TREE+Y. 
 
Figure 3.17: Consumption of sodium oxalate by TREE+Y, iron and other impurities. 
Three oxalate precipitation tests were carried out with sodium oxalate addition at 80, 100 
and 120% of the calculated stoichiometric requirement. The effect of sodium oxalate 
addition on LREE precipitation is shown in Figure 3.18.  
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Figure 3.18: Effect of sodium oxalate addition on percent precipitation of the LREE. 
Precipitation was conducted at 50°C for two hours. 
The maximum precipitation of the LREE was approximately 90% when 120% of the 
stoichiometric oxalate requirement was added to the neutralised liquor. At 80% of the 
stoichiometric requirement, only 32% of the LREE was recovered since most of the 
oxalate was consumed by the impurities (such as iron). 
Precipitation of rare earth oxalates was also attempted using oxalic acid. However, the 
addition of the required amount of oxalic acid resulted in increased acidity of the liquor 
(see Equation 3.5), which inhibited the precipitation of rare earth oxalate.  
Equation 3.5                    3H2C2O4 + 2RECl3 ↔ RE2(C2O4)3 + 6HCl 
In view of the above, a four-litre scale oxalate precipitation was conducted at a 
sodium oxalate addition of 120% the stoichiometric requirement to generate precipitate for 
downstream test work. The percentage precipitation of the LREE and major impurities in 
the bulk precipitation are shown in Table 3.14. Precipitation was seen to be very selective, 
with 90% of the LREE precipitated but less than 0.3% aluminium, iron, manganese and 
zinc were co-precipitated. Approximately one percent of titanium and 
five percent of barium co-precipitated with the REE. The bulk precipitate composition is 
shown in Table 3.15. 
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Table 3.14: Precipitation of the LREE and impurity elements by sodium oxalate addition 
at 120% of the stoichiometric requirement of oxalate (over two hours at 50 °C). 
Element LREE MREE Al Ba
 
Ca Fe Mn Ti Zn 
Precipitation (%) 90 61 0.2 5 < 2 0.004 0.1 1 0.1 
Table 3.15: Composition of the oxalate precipitate produced by sodium oxalate addition at 
120% of the stoichiometric requirement of oxalate (over two hours at 50 °C). 
Element LREE MREE Al Ba
 
Ca Fe Mn Ti Zn 
Concentration 
[% (w/w)] 
38  0.65 0.005 0.14 0.016 0.006 0.012 0.004 0.001 
3.3.4 Caustic Conversion of Rare Earth Oxalate followed by Mild Hydrochloric 
Acid Leaching of the Hydroxide Residue 
Caustic conversion of the rare earth oxalate was conducted at 95 °C for one hour using 
2.5 M sodium hydroxide at 150% of the calculated stoichiometric requirement for the REE 
and impurities present in the bulk sample, according to Equation 3.6.
15
 
Equation 3.6           RE2(C2O4)3 + 6NaOH → 2RE(OH)3 + 3Na2(C2O4) 
After treatment, the reaction mixture was diluted with hot water. The solubility of 
sodium oxalate at 20 °C is 36 g L
-1
,
29 
and from this the solubility product of 
sodium oxalate was calculated to be 0.0842 mol
3 
L
-3
. Using this value, the minimum 
volume required to dissolve the sodium oxalate was calculated and sufficient hot water 
was added to ensure that all of the sodium oxalate had dissolved, leaving the solid 
rare earth hydroxides. More than 99.9% of the LREE and 98% of the MREE were 
deported to the hydroxide by the caustic conversion (Table 3.16). 
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Table 3.16: Rare earth concentrations in the hydroxide residue following 
caustic conversion of the rare earth oxalate.
§§
  
Element LREE MREE La Ce Pr Nd Sm Eu Gd 
Concentration 
[% (w/w)] 
69 1.1 20 37 2.9 9.0 0.77 0.13 0.22 
Leaching of the wet rare earth hydroxide residue with hydrochloric acid at pH 1.0 and 
ambient temperature produced a rare earth chloride liquor containing 100 g L
-1
 TREE+Y. 
The assay of this liquor is given in Table 3.17. Relatively low concentrations of impurities 
(including manganese, titanium, iron and silicon) were also present in the liquor, but these 
may be reduced by further optimisation of the leach pH.  
Some precipitate formed in the rare earth chloride liquor after it was left standing for 
36 hours and the concentrations of cerium, silicon and titanium were then found to be 
lower in the liquor. This precipitation was unexpected since the above hydroxides and 
chlorides are soluble at pH 1.0, but might have been due to incomplete removal of 
sodium oxalate in the caustic conversion. Further investigation is required to identify the 
reason for this precipitation. Some cerium also appeared to dissolve in the wash liquor but 
the reason for this was also not investigated in the present study. 
Leach extractions for the individual LREE are given in Table 3.18. More than 95% of the 
LREE were leached. The impurities in the rare earth hydroxide residue were extremely 
low, so accurate extractions could not be calculated. Indicative results showed that the 
majority of calcium, iron, manganese and titanium were leached. 
                                                 
§§
 Conditions: 150% of the stoichiometric requirement of 2.5 M NaOH, 95 °C, one hour. 
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Table 3.17: Assay of the rare earth chloride liquor from the rare earth hydroxide leach at 
pH 1.0. 
Element 
Concentration 
(mg L
-1
) 
Major impurity 
elements 
Concentration 
(mg L
-1
) 
La 29820 Al 2 
Ce 48600 Ba 86 
Pr 4677 Ca 153 
Nd 15420 Fe 49 
MREE+HREE 1925 Mn 32 
TREE+Y 100440 Ti 281 
  Zn 6 
 
Table 3.18: Extraction of LREE for HCl leach of the conversion residue at pH 1.0. 
Element % Extraction 
Major impurity 
elements 
% Extraction 
La 93 Fe > 99 
Ce 95 Mn > 99 
Pr 97 Ti 94 
Nd > 99 Zn > 99 
Sm > 99   
Eu 92   
LREE 96   
TREE+Y 96   
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3.3.5 Process Summary Flowsheet 
A summary of the process developed for the recovery of REE from bastnasite-containing 
ore is given in Figure 3.19. 
 
Figure 3.19: Outline of the alternative route for REE recovery from bastnasite-containing 
ore investigated in this study. 
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3.4 Summary and Concluding Remarks 
In this study an alternative process was developed for the extraction and recovery of the 
REE from a low-grade bastnasite ore in order that the increasing demand for these metals 
might also be met from low-grade sources in the future.  
The process involved direct hydrochloric acid leaching of bastnasite-containing ore, 
followed by selective precipitation of the REE with sodium oxalate. Caustic conversion of 
the oxalate residue resulted in the formation of a rare earth hydroxide which was leached at 
pH 1.0 to produce a concentrated rare earth chloride liquor, which could potentially be 
used as a feed to a solvent extraction plant for the separation of the individual REE. 
Overall recovery of the LREE in this process was greater than 80%. Radionuclide 
deportment studies were subsequently carried out for the hydrochloric acid leaching and 
oxalate precipitation stages and the results are presented in Chapter Four. 
Two potentially commercially exploitable resources, ‘Ore A’ and ‘Ore B’ were employed 
in this study. Bastnasite was the main rare earth-bearing mineral in both ore samples; 
however the abundance of the mineral was low [5.9% (w/w) in Ore A and 4.4% (w/w) in 
Ore B]. Major gangue phases present in both samples consisted of baryte, quartz, hematite 
and goethite. 
The effect of hydrochloric acid addition, concentration and temperature on leaching was 
investigated. It was found that the optimum acid addition for Ore A was 750 g HCl/kg ore 
whilst the optimum acid addition for Ore B was 400 g HCl/kg ore. Leaches were 
conducted at 80 °C for two hours. Under these conditions, 95% of the LREE were 
extracted from Ore A, and 97% of the LREE were extracted from Ore B. Quantitative 
XRD analysis of the two bastnasite-containing ore samples revealed the presence of two 
different iron-bearing phases in varying abundances in the two samples. Ore A contained 
13% (w/w) hematite and 22% (w/w) goethite; whilst Ore B contained 9.5% (w/w) goethite 
and 24% (w/w) hematite. Since goethite is less refractory than hematite,
25
 Ore A consumed 
a higher amount of acid compared to Ore B. The iron extraction was 84% for Ore A and 
48% for Ore B from leaches at the optimum acid concentration. 
The results of the single-stage leaching from both ores provided important information 
about the leaching behaviour of individual gangue minerals (as well as of bastnasite). This 
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information should aid the development of a model for predicting acid consumption for 
similar ores based on their mineralogical and elemental composition. It was found that 
goethite was leached by 24% (w/w) hydrochloric acid at 80 °C, while baryte and quartz 
only reacted to a small extent. The results for the leaching of quartz,
26
 baryte,
27
 hematite 
and goethite
25
 in hydrochloric acid were found to agree with the literature.  
Leaching was also dependent on the temperature and leaching time, with the LREE 
extractions increasing with increasing temperature and leach time. Increasing the initial 
acid concentration and the initial solids density of the leach slurry decreased the LREE 
extractions. BSE images of the leach residue revealed the presence of bastnasite particles 
which had been partially altered and particles which were unaltered, suggesting an 
incomplete reaction which either required a longer reaction time, higher acid addition, or a 
combination of both. Increasing the initial acid concentration and the initial solids density 
of the leach slurry also resulted in increased iron extraction from the bastnasite ore. 
It was calculated that approximately 40% of the total hydrochloric acid added to the 
single-stage leaching of Ore A and Ore B was present as free hydrochloric acid at the end 
of the leach. In order to reduce acid addition, a two-stage counter-current leaching 
approach was successfully applied for the first time to the leaching of a 
bastnasite-containing ore. The two-stage leach was aimed at reducing acid consumption of 
Ore B compared with a single-stage leach, whilst maintaining high REE extraction. 
Ore was used to consume the excess free hydrochloric acid remaining in the 
chloride liquor after a single-stage leach. The two-stage leach was conducted at 
300 g HCl/kg ore. In comparison with the single-stage leach at 400 g HCl/kg ore, 
extraction of the LREE was maintained at 97% and MREE extraction was increased by 
six percent to 91% during the two-stage leach. Consequently, acid consumption in the 
two-stage leach was successfully decreased by 25% compared with acid consumption in 
the single-stage leach. The free acidity in the final rare earth chloride liquor was reduced 
from 2.2 M in a single-stage leach at 400 g HCl/kg ore to approximately 0.5 M. A greater 
amount of impurities (such as iron) was also extracted in the two-stage leach. The effect of 
increased amounts of impurities on the downstream processing for REE recovery would 
need to be evaluated in future studies. Nevertheless, the results of the two-stage leach 
highlighted that such an approach may successfully be used in the future to give large 
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savings in acid consumption, whilst maintaining or even improving overall extraction of 
the REE. 
In the subsequent process steps, the precipitation of a rare earth oxalate intermediate 
followed by caustic conversion of the oxalate residue was successfully undertaken. As well 
as determining the optimum stoichiometric addition of sodium oxalate required for the 
feed liquor, quantitative results for the oxalate precipitation of the REE and impurity 
elements from a rare earth chloride liquor were obtained. For 120% stoichiometric 
sodium oxalate addition and 50 °C for two hours, 90% of the LREE and 61% of the MREE 
were precipitated. Most significantly, the results indicated that sodium oxalate 
precipitation could successfully be applied to the selective recovery of REE from a 
solution containing large amounts of impurity elements that included iron, aluminium, 
calcium, manganese, titanium, zinc and barium. 
Caustic conversion of the oxalate precipitate was conducted at 95 °C for one hour using 
2.5 M sodium hydroxide. Hydrochloric acid leaching of the rare earth hydroxide at pH 1.0 
and ambient temperature resulted in a concentrated rare earth chloride liquor containing 
100 g L
-1
 of the TREE+Y, which would be a suitable feed for solvent extraction following 
some further purification. 
During the single-stage leaching of Ore A and Ore B, iron was the largest consumer of 
hydrochloric acid. More than 50% of the total acid addition for Ore A and 45% of the total 
acid addition for Ore B was consumed by iron. Two-stage counter-current leaching 
increased iron extraction from Ore B compared with iron extraction from the same ore at 
the optimum acid addition in a single-stage leach. During the oxalate precipitation 
investigations, it was found that 80% of the total amount of sodium oxalate required was 
consumed by iron. This indicates that any beneficiation of the low-grade bastnasite ore to 
remove acid-soluble iron-containing minerals such as goethite would be a major advantage 
for this process. There is also scope for investigating the possible selective leaching of 
bastnasite in preference to goethite. 
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Chapter 4: The Deportment of Thorium and 
Uranium Daughters during Bastnasite Ore 
Processing 
4.1 Introduction 
In Chapter Three, the results of an investigation carried out to develop an alternative 
process for extracting the REE from a bastnasite-containing ore were presented. This 
consisted of direct two-stage counter-current leaching of the ore with hydrochloric acid, 
followed by precipitation of a rare earth oxalate intermediate (precipitate). The 
rare earth oxalate precipitate was then converted to a hydroxide by metathesis and leached 
with hydrochloric acid to produce a chloride liquor containing 100 g L
-1
 TREE+Y. 
Similarly to monazite processing, it is important to understand the deportment of 
radioactivity in bastnasite processing and also to characterise the waste and product 
streams generated in this process. 
The deportment of thorium during the decomposition of bastnasite by sulfuric acid
1-5
 and 
carbo-chlorination and chemical vapour transport
2,6
 has been reported in the literature. In 
the sulfation roasting process, bastnasite is decomposed and the REE are converted to 
sulfates.
2,5
 Li et al. found that when sulfation roasting of the Baotou concentrate 
(50% REO) was conducted at a relatively low temperature (220–260 °C), more than 95% 
of the thorium reported to the sulfate leach liquor and the leach residue contained 
0.03% (w/w) of thorium.
7
 Subsequent double sulfate precipitation of the REE from the 
sulfate leach liquor, followed by caustic conversion and selective hydrochloric acid 
leaching of the REE, resulted in concentration of the thorium and uranium in the 
hydrochloric acid leach residue.
2
 In contrast, when sulfation roasting was conducted at 
800 °C,
7
 or when the reaction mass was calcined at 600°C,
2
 thorium remained mainly in 
the leach residue and was separated from the REE during leaching. Li et al. reported that 
when the sulfation roast was conducted at 800 °C, the leach residue contained 0.2–
0.3% (w/w) thorium.
7
 
During carbo-chlorination and chemical vapour transport, complete removal of thorium 
from the rare earth chloride product was achieved by a chemical vapour transport reaction 
136 
at 800 °C in the presence of AlCl3.
2
 Thorium formed a volatile ThAlCl7 complex, and was 
deposited separately to the rare earth chloride product at approximately 600 °C.
6
 
Very few references were found that report radioactivity deportment during bastnasite 
leaching and/or pre-leaching with hydrochloric acid. In the pre-2002 Mountain Pass 
process, which consisted of an air roast (to oxidise cerium) followed by a 
hydrochloric acid leach of the calcine, the rare earth chloride leach liquor contained 
radioactive impurities which were removed by selective precipitation.
8
 In particular, the 
rare earth chloride liquor contained lead and was treated with sodium hydrosulfide to 
precipitate lead sulfide.
2
 The lead was then processed into a sludge cake containing five to 
seven percent lead sulfide before either transportation to a lead recycling facility or 
disposal in a controlled hazardous waste landfill facility. Similar findings were also 
reported by Eisele and Bauer.
9
 It is unclear whether these reports refer only to 
elemental lead or also include radioactive lead, but the result is important since the results 
for elemental lead might be indicative of 
210
Pb deportment. According to an IAEA report,
2
 
the lead sulfide concentrates may also contain approximately 0.2 Bq g
-1
 of
 232
Th and 
2.7 Bq g
-1
 of
 238
U. In addition, some of the thorium from the bastnasite concentrate also 
reported to the cerium residue following the air roast.
8
 
The contamination of an impure cerium residue with thorium led Molycorp Inc. to design a 
caustic conversion process for extracting the REE from bastnasite concentrate.
8
 In the 
currently employed process, bastnasite concentrate is reacted with aqueous caustic solution 
and then the rare earth hydroxide residue is leached with hydrochloric acid. Thorium and 
radium are dissolved during the hydrochloric acid leach. Thorium is removed by 
precipitating as thorium hydroxide and then radium is co-precipitated as 
barium/radium sulfate by the addition of barium chloride and sodium sulfate.
8
 
In a process developed by Zhang et al.,
4
 bastnasite was roasted at 500–550 °C in air and 
leached with hydrochloric acid. Thorium and fluorine reported to the leach residue.
10,11
 
The residue was then leached a second time with sulfuric acid to dissolve cerium, thorium 
and fluorine. Cerium and fluorine were extracted with HEHEHP/Cyanex 923 and then 
thorium was recovered from the raffinate by solvent extraction with the primary amine, 
N1923. 
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During an investigation by Kruesi and Duker, bastnasite concentrate obtained from 
Molycorp was leached with concentrated hydrochloric acid.
12
 The leach residue was 
anticipated to contain rare earth fluorides and was reacted with aqueous caustic solution 
before again leaching with hydrochloric acid. After leaching, the pH of the rare earth 
chloride liquor was adjusted to pH 3 with sodium hydroxide and then radioactive impurity 
removal was carried out to remove thorium and its daughters from the rare earth chloride 
liquor. Detailed information of radioactive impurity removal was not provided. 
As discussed in Chapter Three, although oxalate precipitation is seen to be very selective 
for the REE and is frequently used in industry, quantitative results for the 
rejection/precipitation of various elements are generally not available from the literature. 
In addition, information on the deportment of radionuclides during oxalate precipitation is 
also scarce. Barghusen and Smutz reported that uranium was rejected and thorium was 
precipitated during oxalate precipitation in their system,
13
 while Fareeduddin et al. found 
that the uranium content of an oxalate precipitate decreased with increasing acidity of the 
liquor.
14
 Actinium is also known to form an oxalate. However, the solubility of actinium is 
very much dependent on the solution acidity and oxalate concentration.
15
 Information on 
the solubility of actinium oxalate in hydrochloric acid media is not reported. 
In the present study, the deportment of radionuclides from the naturally occurring 
232
Th, 
238
U and 
235
U decay chains was determined for the two-stage counter-current leach of a 
bastnasite-containing ore, Ore B, with hydrochloric acid and subsequent precipitation of 
the rare earth oxalates. Radionuclide deportment during caustic conversion and 
mild hydrochloric acid leaching was expected to be similar to that obtained in the monazite 
study and consequently, radionuclide deportment in these two stages was not investigated 
here. 
4.2 Experimental 
Radionuclide deportment studies were carried out on the solids and liquors generated from 
the two-stage counter-current hydrochloric acid leaching of Ore B, which contained 
3.9% (w/w) TREE+Y. Elemental leaching results for the two-stage leach were reported in 
Chapter Three, Section 3.3.2.2. 
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Oxalate precipitation was carried out on the stage one chloride liquor produced at the end 
of the third cycle of the two-stage counter-current hydrochloric acid leach.  
All radionuclide concentrations were determined using the analytical techniques and 
instrumentation described in Chapter Two, Section 2.2.1. 
4.3 Results and Discussion 
4.3.1 Characterisation of Ore B 
The concentrations of the naturally occurring radionuclides, 
232
Th, 
238
U and 
235
U and their 
respective decay chain progeny, were measured on a representative sample of Ore B. The 
radionuclide results are given in Table 4.1. 
Table 4.1: Concentrations of 
232
Th, 
238
U and 
235
U decay chain radionuclides in Ore B. 
Radionuclide Activity (Bq g
-1
) Radionuclide Activity (Bq g
-1
) 
U-238  Th-232  
ICP-MS < 0.25 ICP-MS 0.43 
XRF 0.86 XRF 0.61 
DNA 0.20 alpha 0.36 
NAA < 0.58 NAA 0.43 
Th-234 (U-238) gamma  0.21 Ra-228 gamma 0.37 
Th-230  Th-228  
gamma 0.27 gamma 0.37 
alpha 0.30 alpha 0.44 
Ra-226 gamma 0.19 U-235  
Pb-210  gamma < 0.01 
gamma 0.17 calculated from U-238 0.0092 
beta (Bi-210)
a
 0.61 Pa-231 gamma < 0.03 
Po-210 alpha  0.20 Ac-227 gamma < 0.02 
  Th-227 gamma < 0.02 
a – Gamma spectrum of the 210Pb beta source showed the presence of the beta-emitting radionuclides, 212Pb and 212Bi, 
and 208Tl, from the 232Th decay chain. The result is therefore higher than true value. 
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The results show that the average concentration of 
232
Th, 
228
Ra and 
228
Th was 0.40 Bq g
-1
, 
based on the ICP-MS and NAA results for 
232
Th and the gamma spectrometry results for 
228
Ra and 
228
Th. The 
232
Th chain was considered to be in secular equilibrium in Ore B. 
XRF analysis is not accurate for thorium concentrations less than 0.02% (equivalent to 
less than 0.8 Bq g
-1
) and so the XRF result for thorium (0.61 Bq g
-1
) is not considered to be 
reliable. 
The concentrations of the alpha-emitting thorium isotopes (
232
Th, 
228
Th and 
230
Th) in 
Ore B were measured using alpha spectrometry. A thin ‘coating’ was again observed on 
the stainless steel plate after thorium electrodeposition. This resulted in peak broadening 
which made it difficult to assess the thorium alpha spectrum, particularly since 
229
Th and 
228
Th are close in energy. In addition, the calculated recovery of the 
229
Th tracer was only 
ten percent. This indicated that there was most likely inadequate separation of impurity 
elements (primarily the REE) from the thorium isotopes. Overall, the determination of all 
thorium isotopes by alpha spectrometry was considered to be unreliable. 
The average concentration of radionuclides in the 
238
U decay chain was found to be 
0.19 Bq g
-1
 based on the DNA value for 
238
U, the gamma spectrometry values for 
234
Th, 
226
Ra and 
210
Pb, and the alpha spectrometry value for 
210
Po. The 
238
U chain was also 
considered to be in secular equilibrium in Ore B. Similarly to thorium, XRF analysis is not 
accurate for uranium concentrations less than 0.02% (equivalent to less than 2 Bq g
-1
) and 
so the XRF result for uranium (0.86 Bq g
-1
) is not considered to be reliable.  
The concentration of 
230
Th in Ore B was also measured using gamma spectrometry and 
was found to be 0.27 Bq g
-1
. In gamma spectrometry, the concentrations of REE present 
resulted in an elevated background in the spectrum, which adversely impacted on the 
low energy (67.8 keV) and low abundance (0.38%) 
230
Th peak (see Appendix One for 
decay energy data). Although self-absorption effects were corrected, the gamma result for 
230
Th is considered to be unreliable. 
The measured concentrations of 
210
Pb from gamma and beta spectrometry were 0.17 and 
0.61 Bq g
-1
, respectively. As was previously discussed in Chapter 2 (Section 2.3.1.3), other 
beta-emitting radionuclides, 
212
Pb, 
212
Bi and 
208
Tl from the 
232
Th decay chain were also 
present in the beta (
210
Bi) counting source. This resulted in an elevated 
210
Pb beta count 
rate and therefore, the 
210
Pb beta result is considered to be unreliable. 
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Uranium-235 and its decay chain progeny were not detected in gamma spectrometry. 
Based on the measured concentration of 0.20 Bq g
-1
 for 
238
U (DNA) in Ore B, the 
concentrations of the 
235
U decay chain radionuclides were calculated to be 0.0092 Bq g
-1
. 
This is below the detection limit for gamma spectrometry. 
The total contained activity for Ore B was calculated using the measured concentrations of 
the 
232
Th and 
238
U decay chain radionuclides and the calculated concentrations of the 
235
U decay chain radionuclides. The total contained activity in Ore B was found to be 
7.1 Bq g
-1
. The relative distribution of activity from the long-lived radionuclides in each of 
the respective decay chains is given in Table 4.2. Overall, 60% of the total activity in 
Ore B was due to radionuclides in the 
232
Th decay chain while the 
238
U decay chain 
contributed approximately 39% of the total activity. The contribution from the 
235
U decay 
chain was 1.4%. 
Table 4.2: Distribution of activity in Ore B (includes short-lived daughters of 
radionuclides listed). 
Isotope and Activity % 
Th-232 Decay Chain U-238 Decay Chain U-235 Decay Chain 
Th-232
 
6.1 U-238 11 U-235 0.26 
Ra-228 10 Th-230 4.3 Pa-231 0.13 
Th-228 44 Ra-226 16 Ac-227 1.0 
  Pb-210 4.8   
  Po-210 2.8   
Total 60 Total 39 Total 1.4 
4.3.2 Radionuclide Deportment in the Two-Stage Counter-Current Leach 
A two-stage counter-current hydrochloric acid leach was carried out on Ore B to produce a 
chloride leach liquor containing 62 g L
-1
 of iron and 27 g L
-1
 of TREE+Y. The details of 
the leach are given in Chapter Three (Section 3.3.2.2). The elemental and radionuclide 
concentrations at the end of the third cycle of the leach for the stage one chloride liquor 
and the stage two leach residue are given in Table 4.3 and Table 4.4, respectively. The 
stage one chloride leach liquor contained 97% of the TREE+Y. In addition, 86% of the 
thorium was also leached, while uranium (52%) and lead (67%) were only partially 
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leached (Table 4.3). Estimated errors for the radionuclide results were generally ± 10%. 
Elemental results were based on the analysis of a single sample. 
Table 4.3: Elemental concentrations and deportment in the two-stage leaching of Ore B.  
Sample ID TREE+Y Lead Thorium Uranium 
Concentration 
Stage One Chloride Liquor (g L
-1
) 27.5 0.11 0.06 0.007 
Stage Two Leach Residue 
[% w/w)] 
0.2 0.003 < 0.002 < 0.002 
% Deportment 
Stage One Chloride Liquor 97 67 86 52 
Stage Two Leach Residue 3 33 14 48 
The deportment of the 
238
U, 
235
U and 
232
Th decay chain radionuclides in the stage one 
chloride leach liquor and the stage two leach residue were calculated from the measured 
concentrations in Table 4.4 and the results are given in Figure 4.1. Due to the complex 
nature of the circulation of liquors in the two-stage leach, the deportment results were 
calculated based on the leach residue assay. In addition, the leach residue contained only 
0.2% (w/w) of the TREE+Y whereas the leach liquors contained significant concentrations 
of the REE (approximately 20 to 30 g L
-1
), which compromised the gamma spectrometry 
results. The calculations were based on the average of the XRF and the 
234
Th (after secular 
equilibrium was reached) values for 
238
U, the alpha spectrometry values for 
232
Th, 
230
Th 
and 
210
Po and the gamma spectrometry values for the remaining radionuclides.  
The recovery of the 
229
Th tracer in thorium solids analysis by alpha spectrometry was 89%. 
The stage one chloride leach liquors were diluted before beginning alpha spectrometry 
analysis. The recovery of 
229
Th tracer in thorium liquor analysis was generally greater than 
85% when the samples were diluted. The alpha spectrometry results for thorium isotopes 
in the solid and liquor are, therefore, considered to be reliable. 
As was discussed in previous sections of this thesis, the presence of other beta-emitting 
radionuclides, 
212
Pb, 
212
Bi and 
208
Tl from the 
232
Th decay chain, in the beta (
210
Bi) counting 
source resulted in an elevated 
210
Pb beta count rate and therefore, the 
210
Pb beta result is 
again considered to be unreliable. 
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Table 4.4: Radionuclide concentrations in the stage one chloride liquor and the stage two 
leach residue after two-stage hydrochloric acid leaching.
*
 
Radionuclide 
Stage One 
Chloride 
Liquor 
Bq L
-1 
Stage Two 
Leach 
Residue 
Bq g
-1 
Radionuclide 
Stage One 
Chloride 
Liquor 
Bq L
-1 
Stage Two 
Leach 
Residue 
Bq g
-1 
U-238   Th-232   
ICP-MS 73 < 0.25 ICP-MS 229 < 0.08 
XRF – 0.12 XRF – 0.04 
Th-234(U-238) 
gamma 
78 0.13 alpha 184 < 0.01 
Th-230   Ra-228 gamma 180 0.17 
gamma < 64 < 0.22 Th-228   
alpha 84 <0.01 gamma 270 0.07 
Ra-226   alpha 178 < 0.01 
gamma 68 0.13 U-235   
Pb-210   gamma < 4.7 < 0.01 
gamma 44 0.09 
calculated from 
U-238 
3.4 0.006 
beta (Bi-210)
a
 93 0.28 Pa-231 gamma < 12 < 0.03 
Po-210 alpha 81 0.11 Ac-227 gamma 8.8 < 0.007 
   Th-227 gamma 8.8 0.006 
a – Gamma spectrum of the 210Pb beta source showed the presence of the beta-emitting radionuclides, 212Pb and 212Bi, 
and 208Tl, from the 232Th decay chain. Result is therefore higher than true value. 
Following the two-stage leach, 93% of 
232
Th and 87% of 
228
Th were found in the stage one 
chloride liquor. The extraction of 
230
Th (96%) was also high and similar to that of 
232
Th. It 
should be noted that 
228
Th will decay and reach secular equilibrium with its parent, 
228
Ra. 
Given that much less 
228
Ra is leached (65%) in comparison to 
232
Th (93%), it would be 
expected that the measured concentration of 
228
Th will decrease over time. 
                                                 
*
 In view of the inherent uncertainty in the measurement of Pb-210 (discussed in text), the result for this 
radionuclide represents only a general guide on its deportment behaviour. 
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Figure 4.1: Deportment of 
232
Th, 
238
U and 
235
U decay chain radionuclides in the stage one 
chloride liquor and the stage two leach residue. 
Uranium (54%) was only partially leached. Radium-228 (65%) and 
226
Ra (51%) were also 
partially leached. The difference in radium extraction suggested that the thorium and 
uranium decay chains may be contained in different mineral phases in Ore B. However, 
since neither thorium nor uranium was detected during the mineralogical characterisation 
of Ore B by QEMSCAN, this was not confirmed (Section 3.3.1.1). 
The deportment of 
210
Pb (65%) to the chloride leach liquor was in excellent agreement 
with the ICP-MS results for element lead (67%). Polonium-210 (59%) and 
227
Ac (45%) 
were also partially leached, but 
231
Pa could not be detected in either the leach residue or 
leach liquors. 
The total contained activities of the stage one chloride leach liquor and the stage two 
leach residue were calculated using the data in Table 4.4. The values were 2820 Bq L
-1
 and 
2.5 Bq g
-1
, respectively. The relative distribution of activity from the long-lived 
radionuclides in each of the respective decay chains is given in Table 4.5. 
The majority of the activity found in the chloride leach liquor was due to the 
232
Th decay 
chain radionuclides (64%) in particular, 
228
Th (44%). This was in contrast to the leach 
residue, where the majority of the activity was due to the 
238
U decay chain radionuclides 
(63%), in particular, 
226
Ra (32%) and 
238
U (19%). The leach residue also contained 20% of 
228
Th (which will decrease over time due to decay) and 14% of 
228
Ra. 
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Table 4.5: Distribution of activity in two-stage hydrochloric acid leaching (includes short-lived daughters of radionuclides listed). 
Isotope and Activity % 
Sample ID 
Th-232 Decay Chain U-238 Decay Chain U-235 Decay Chain 
Th-232 Ra-228 Th-228 TOTAL U-238 Th-230 Ra-226 Pb-210 Po-210 TOTAL U-235 Pa-231 Ac-227 TOTAL 
Leach Residue 3.2 14 20 37 19 bdl 32 7.3 4.5 63 0.4 bdl bdl 0.4 
Leach Liquor 6.5 13 44 64 10 3.0 15 3.1 2.9 34 0.2 bdl 2.5 2.7 
bdl – Measured concentration below detection limit. 
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4.3.3 Radionuclide Deportment during Oxalate Precipitation 
As described in Chapter Three, oxalate precipitation was used to selectively separate the 
REE from a number of impurity elements in the chloride leach liquor resulting from 
hydrochloric acid leaching of Ore B. In this section, the behaviour of radionuclides in the 
232
Th, 
238
U and 
235
U decay chains in the oxalate precipitation process was investigated. 
Oxalate precipitation was carried out using the stage one chloride leach liquor produced at 
the end of the third cycle of the two-stage counter-current leach. The precipitation was 
conducted at 70 °C using 130% stoichiometric sodium oxalate addition. The precipitation 
was carried out over two hours and agitated by an overhead mechanical stirrer. The 
elemental and radionuclide concentrations in the rare earth oxalate precipitate and the 
barren chloride leach liquor after oxalate precipitation are given in Table 4.6 and         
Table 4.7, respectively. The rare earth oxalate precipitate contained 97% of the TREE+Y 
and 95% of the thorium; however, only 14% of the uranium and eight percent of the lead 
were precipitated (see Table 4.6). Estimated errors for the radionuclide results were in 
general ± 10%. Elemental results were based on the analysis of a single sample. 
Table 4.6: Elemental concentrations and deportment in oxalate precipitation. 
Sample ID TREE+Y Lead Thorium Uranium 
Concentration 
RE Oxalate Precipitate [% (w/w)] 35 0.01 0.08 < 0.001 
Barren Liquor (g L
-1
) 0.7 0.09 < 0.001 0.005 
% Deportment 
RE Oxalate Precipitate 97 7 93 14 
Barren Liquor 3 93 7 86 
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Table 4.7: Radionuclide concentrations in the rare earth oxalate precipitate and the barren 
chloride leach liquor after oxalate precipitation.
†
 
Radionuclide 
RE Oxalate 
Precipitate  
Bq g
-1
 
Barren 
Liquor 
Bq L
-1 
Radionuclide 
RE Oxalate 
Precipitate 
Bq g
-1
 
Barren 
Liquor 
Bq L
-1 
U-238   Th-232   
ICP-MS < 0.12 67 ICP-MS 3.2 < 4 
Th-234(U-238) 
gamma 
0.3 36 XRF 2.5 – 
Th-230   alpha 2.9 na 
gamma 1.8 < 35 Ra-228 gamma 1.8 < 1.2 
alpha 1.7 2.1 Th-228   
Ra-226 gamma 0.6 < 1.2 gamma 2.7 0.67 
Pb-210   alpha 2.7 na 
gamma 0.2 64 U-235   
beta (Bi-210)
a
 1.5 88 gamma < 0.04 < 3.1 
Po-210 alpha 0.03 49 
calculated from 
U-238 
0.012 3.0 
   Pa-231 gamma < 0.11 < 6.7 
   Ac-227 gamma 0.05 < 1.5 
   Th-227 gamma 0.05 < 1.5 
a – Gamma spectrum of the 210Pb beta source showed the presence of the beta-emitting radionuclides, 212Pb, 212Bi, and 
208Tl, from the 232Th decay chain. Result is therefore higher than true value. 
The deportment of radionuclides to the rare earth oxalate precipitate and the barren 
chloride leach liquor was calculated using the measured radionuclide concentrations, with 
the results presented in Figure 4.2. The values from alpha spectrometry for the stage one 
chloride leach liquor (the oxalate precipitation feed) for 
232
Th and 
228
Th were more 
accurate than the values obtained by gamma spectrometry for these radioisotopes (due to 
REE interference) and were thus used to calculate the deportment for these radionuclides. 
The deportment, in the majority of cases, was based on the liquor results because the 
                                                 
†
 In view of the inherent uncertainty in the measurement of Pb-210 (discussed in text), the result for this 
radionuclide represents only a general guide on its deportment behaviour. 
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oxalate residue contained 35% (w/w) of the TREE+Y. Deportment was calculated using 
the ICP-MS results for 
232
Th and 
238
U, the alpha spectrometry results for 
210
Po and 
230
Th 
and the gamma spectrometry results for the remaining radionuclides. Protactinium was not 
detected in either the precipitate or the barren liquor. 
 
Figure 4.2: Deportment of 
232
Th, 
238
U and 
235
U decay chain radionuclides in the rare earth 
(RE) oxalate precipitate and the barren chloride leach liquor after oxalate precipitation. 
The results show that 
232
Th (98%), 
228
Th (99.6%), 
230
Th (94%), 
228
Ra (99%) and 
226
Ra (94%) reported almost exclusively to the rare earth oxalate precipitate. In contrast, 
more than 85% of 
238
U remained in the barren chloride leach liquor, together with 
210
Pb (96%), 
210
Po (75%) and 
227
Ac (25%).  
The results were generally found to be in agreement with the literature. As mentioned 
earlier, data on the deportment of radionuclides during oxalate precipitation is scarce. 
However, oxalate precipitation is known to quantitatively precipitate thorium and to reject 
uranium in acidic solutions.
13,16
 It is also known that unlike lanthanum, actinium is not 
completely precipitated with oxalate.
15
 Additionally, actinium oxalate precipitation is 
higher when the acidity of the precipitation solution is low and when the precipitation is 
carried out with concentrated ammonium oxalate.
15,17
 Very little information could be 
found on polonium and lead oxalate precipitation, however, it appears that trace levels of 
polonium are soluble in oxalate solution,
17
 and lead oxalate precipitation from a 
hydrochloric acid solution is low.
18
 Radium is also reported to be precipitated by oxalate.
19
 
To the best of the author’s ability, equations for the precipitation of actinium, radium and 
polonium oxalate were not available in the literature. 
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The total contained activities of the barren liquor and the oxalate precipitate were 
calculated using the data in Table 4.7. The values were 455 Bq L
-1 
and 32 Bq g
-1
, 
respectively. The relative distribution of activity from the long-lived radionuclides in each 
of the respective decay chains is given in Table 4.8. 
More than 98% of activity found in the barren chloride leach liquor was due to the 
238
U decay chain radionuclides, in particular 
238
U (59%), 
210
Pb (28%) and 
210
Po (11%). In 
contrast, 81% of the total activity found in the rare earth oxalate precipitate was due to the 
232
Th decay chain, in particular 
228
Th (59%). The 
238
U and 
235
U decay chains contributed 
18% and 1.2%, respectively, of the total activity in the rare earth oxalate precipitate. 
4.3.4 Discussion of Radionuclide Deportment in the Alternative Bastnasite 
Processing Route and the Conventional Monazite Processing Route 
As discussed in Chapter Two, radionuclide deportment studies were carried out using a 
conventional processing route for REE recovery from a monazite concentrate. Monazite 
was reacted with concentrated caustic solution and then the rare earth and 
thorium-containing hydroxide residue was leached at pH 3.2 with hydrochloric acid to 
selectively dissolve the REE. 
During the deportment study it was found that the thorium decay chain and the majority of 
the radionuclides from the 
238
U and 
235
U decay chains reported to the rare earth and 
thorium-containing hydroxide residue. Selective hydrochloric acid leaching of the 
hydroxide residue at pH 3.2 separated thorium from the REE and therefore removed a 
large amount of radioactivity from the process at an early stage. Radium-228, however, 
reported to the rare earth chloride leach liquor. Other radionuclides, including 
226
Ra, 
231
Pa 
and 
227
Ac, were also partially leached. Radium and lead removal by sulfate and sulfide 
precipitation, respectively, resulted in more than 90% removal of most of the radioactivity 
from the rare earth chloride leach liquor. In contrast, a significant amount of the thorium 
isotopes (approximately 95%) was leached by the direct hydrochloric acid leach on Ore B 
in the bastnasite process discussed in this chapter, while only around 60% of the radium 
isotopes were leached. Although the oxalate precipitation is effectively used to selectively 
recover the REE from solutions containing impurities such as iron and aluminium, the 
oxalate precipitation did not reject many of the radionuclides; thorium and radium 
isotopes, together with 
227
Ac, were also precipitated.  
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Table 4.8: Distribution of activity in the rare earth oxalate precipitation (includes short-lived daughters of radionuclides listed). 
Isotope and Activity % 
Sample ID 
Th-232 Decay Chain U-238 Decay Chain U-235 Decay Chain 
Th-232 Ra-228 Th-228 TOTAL U-238 Th-230 Ra-226 Pb-210 Po-210 TOTAL U-235 Pa-231 Ac-227 TOTAL 
RE Oxalate 10 12 59 81 bdl 5.3 1.1 1.2 0.1 18 bdl bdl 1.2 1.2 
Barren Liquor bdl bdl 1.0 1.0 59 bdl bdl 28 11 98 1.4 bdl bdl 1.4 
bdl – Measured concentration below detection limit. 
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The alternative route proposed in Chapter Three for recovering REE from a bastnasite ore 
used a caustic conversion of the rare earth oxalate precipitate, followed by 
mild hydrochloric acid leaching (pH 1.0) of the rare earth hydroxide residue. The 
behaviour of most of the radionuclides is expected to be similar to that for the monazite 
caustic conversion; however, the thorium should leach at pH 1.0. It is therefore apparent 
that further processing steps would be required to separate thorium, radium and other 
impurity radionuclides from the REE. Because of this, radium and lead impurity removal 
together with a neutralisation step for thorium would be required to completely remove 
radionuclides from the hydrochloric acid leach liquor. 
4.4 Summary and Concluding Remarks 
The deportment of uranium and thorium decay chain radionuclides during the direct 
hydrochloric acid leaching of a low-grade bastnasite-containing ore and the precipitation 
of a rare earth oxalate was investigated. 
The results presented in this study are, to the author’s best knowledge, the first time in 
which the deportment of all radionuclides in the 
238
U and 
235
U decay chains have been 
reported for the direct hydrochloric acid leaching of a bastnasite-containing ore and also 
during the precipitation of a rare earth oxalate from a chloride leach liquor. 
During the two-stage counter-current leach with hydrochloric acid, significant quantities of 
radionuclides were extracted from Ore B into the chloride leach liquor. Oxalate 
precipitation was found to be very selective for the REE, rejecting significant amounts of 
impurities, including iron and aluminium (see Chapter Three). However, radionuclide 
impurities were generally found to precipitate with the rare earth oxalates. More than 98% 
of the 
232
Th decay chain and its decay progeny and 94% of 
230
Th and 
228
Ra, reported to the 
rare earth oxalate precipitate. In addition, some 
238
U and 
235
U decay chain radionuclides, 
including 
210
Po from the 
238
U chain and 
227
Ac from the 
235
U chain, also precipitated with 
the REE. Elemental and radionuclide results indicated that more than 90% of lead was 
rejected from the oxalate precipitate. A significant amount of 
238
U (85%) was also rejected 
by the oxalate precipitation. 
Furthermore, the study again highlighted issues associated with the accurate measurement 
of radionuclides from the uranium decay chains in the presence of the REE and other 
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radionuclides. In particular, inadequate separation of other beta-emitting radionuclides 
from the beta (
210
Bi) source and poor peak analysis in gamma spectrometry for 
230
Th and 
210
Pb were encountered, as was the case in the monazite study. 
These findings further emphasise the need for an alternative radiochemical analysis 
procedure to effectively separate radionuclides of interest, such as 
230
Th and 
210
Pb, from 
high concentrations of REE as well as other interfering matrix elements (such as thorium), 
prior to final radionuclide source preparation. The result of an investigation into a possible 
alternative route for the separation of matrix elements is given in Chapter Five. 
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Chapter 5:  An Improved Radiochemical 
Separation Scheme for Uranium, Thorium, 
Polonium and Lead 
5.1 Introduction 
During the radionuclide deportment studies presented in Chapters Two and Four, it was 
found that the presence of the REE [up to 160 g L
-1
 in liquors and 51% (w/w) in solids] 
and the 
232
Th decay chain radionuclides (up to 1130 Bq g
-1 
of 
232
Th in solids and 
71110 Bq L
-1 
of
 228
Ra in liquors) adversely impacted the measurement of the 
238
U and the 
235
U decay chain radionuclides by gamma spectrometry, and the radiochemical separation 
of 
230
Th and 
210
Pb in both solids and liquors using the current radiochemical separation 
scheme (see Section 5.4.1).
1
 In the present study, a series of investigations were carried out 
to develop a possible alternative (sequential) radiochemical separation scheme for 
uranium, thorium, polonium and lead from high REE matrices. 
5.2 Review of Previous REE, Thorium and Uranium 
Solvent Extraction and Ion Exchange Separation Studies 
Sequential radiochemical separation methods for the naturally occurring radionuclides 
were found to be infrequently reported in the literature, and were focussed exclusively on 
recovering radionuclides from environmental samples in which the REE are either 
non-existent, or present in trace concentrations, and in which radioactivity was also low.
2-6
 
To the best of the author’s knowledge, analytical methods for the sequential separation of 
radionuclides from samples containing high concentrations of the REE and natural 
radioactivity have not been reported previously. 
A review of the literature indicated that the use of a combination of ion exchange and 
solvent extraction technologies might be the most effective means of separating uranium, 
thorium, polonium and lead from the REE and other matrix interferences.
*
 Some of the 
resins which have been reported for the separation of lead, thorium, uranium and/or the 
                                                 
*
 A summary of this review is available in Appendix Five. 
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REE include AG1-X8,
1,5,7-10
 AG50W-X4,
10,11
 AG50W-X12
5,12
 (all Bio-Rad), 
Dowex 50W,
13
 and UTEVA,
5,7,14-20
 TRU,
7,9,21,22
 SR
22,23
 and LN
7,12,23-28
 (all Eichrom).
†
 
These resins have been used for solutions derived from geological and environmental 
samples (such as silicate rocks, fossils and water samples) and therefore, the radioactivity 
content was low, with the REE present at trace or ultra-trace concentrations. 
The ion exchange behaviour of the REE, thorium and uranium (but not lead and polonium) 
in a high REE and radioactivity matrix with AG1-X8 has been investigated in the present 
study (see Section 5.4.1). However, there appear to be no reports of any of the other resins 
mentioned above having been employed for use with similar matrices. The ion exchange 
behaviour of the REE, thorium, uranium and lead with AG50W-X12 and AG50W-X4 
resin was also investigated in the present study. It was anticipated to be unlikely that either 
of these resins alone would separate high concentrations of the REE from thorium, 
uranium or lead. However, it was considered that these resins might be suitable for further 
purification of various radionuclide fractions, after separation from the REE. 
The use of solvent extraction for the separation of bulk and individual REE from 
concentrated solutions is presently accepted by industry as the most appropriate separation 
method.
29
 Cation exchange (or acidic) extractants, including naphthenic acids (such as 
CA-100), versatic acids (such as Versatic 10) and organophosphorus reagents (such as 
DEHPA, HEHEHP and Cyanex 272 [bis(2,4,4-trimethylpentyl) phosphinic acid)], have 
been investigated. Versatic 10, DEHPA and HEHEHP have all been used in the rare earth 
processing industry.
29-30
 Anion exchange (or basic) extractants (such as Primene-JMT) and 
solvation (or neutral) extractants [such as trioctylphosphine oxide (TOPO) and 
Cyanex 923] have also been studied as reagents for the extraction of the REE.  
TBP is another example of a neutral extractant which has been investigated for REE 
extraction.
31-33
 Peppard et al. studied the extraction of lanthanides with TBP (diluted in 
carbon tetrachloride) and found that the order of the extraction of the REE from aqueous 
solvent extraction feeds containing moderate to high concentrations of hydrochloric and 
nitric acids followed the order of basicity of the elements. As a result, the extraction of the 
REE was found to increase with increasing atomic number.
33
  
                                                 
†
 Structures of some solvent extraction reagents and ion exchange resins mentioned in this review are 
available in Appendix Five. 
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In a recent investigation, Jorjani and Shahbazi also studied the solvent extraction 
separation of the REE with 100% TBP and found that concentrated TBP resulted in the 
extraction of 80 to 95% of cerium, lanthanum, neodymium and yttrium from a 
0.63 M nitric acid feed, after contacting for five minutes at an organic to aqueous phase 
ratio of 2.
34
 The extractions decreased slightly when the nitric acid concentration was 
increased to 6.3 M. Experiments with dilute TBP were also carried out, using kerosene as 
the diluent. 
The extraction of the trivalent REE by TBP is given by Gupta and Krishnamurthy in 
Equation 5.1.
35
  
Equation 5.1           [RE(NO3)3.xH2O]aq + 3[TBP]org → [RE(NO3)3.(TBP)3]org + xH2O 
Up to 0.5 mol L
-1
 of rare earth nitrates (equivalent to approximately 170 to 
190 g RE2O3 L
-1
) may reportedly be loaded by concentrated (100%) TBP.
35
 It is noted that 
TBP has been used in the rare earth processing industry for the bulk separation of 
REE.
29,30,35
 
In 1957, Audsley and Lind of the United Kingdom Atomic Energy Authority reported the 
selective extraction of thorium and uranium from large quantities of the REE using 
solvent extraction with TBP (diluted in xylene) in a counter-current system.
36
 The method 
was developed specifically for the production of high purity thorium oxide for use in 
atomic reactors. Crude thorium oxide (generated by the decomposition of monazite rock 
with sulfuric acid) was dissolved in 4 M nitric acid to generate a solvent extraction feed 
containing 168 g L
-1
 of thorium, 131 g L
-1
 of RE2O3, 140 g L
-1
 of CeO2 as well as 
8.0 mg L
-1
 of uranium. Tetravalent cerium was brought into solution using 
hydrogen peroxide, and then uranium and thorium extractions were carried out separately, 
over several stages.
36
  
Initially, uranium was extracted from the solvent extraction feed using 5% (v/v) TBP, and 
then thorium was extracted from the raffinate using 40% (v/v) TBP. Distribution 
coefficients and separation factors for uranium and thorium were also determined for this 
system. The distribution coefficient is defined by the International Union of Pure and 
Applied Chemistry (IUPAC) as the ratio of the total analytical concentration of a 
solute (A) in the loaded organic phase to its total analytical concentration in the aqueous 
phase (raffinate) (Equation 5.2).
37
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Equation 5.2:                                (KD)A = [A]org/[A]aq 
Under the conditions employed, the distribution coefficients for thorium and uranium were 
found to be 0.04 and 6, respectively, with 5% (v/v) TBP, and 0.5 and 20, respectively, with 
40% (v/v) TBP.
36
 The separation factors [defined as the ratio of the respective distribution 
coefficients (D) of two extractable solutes measured under the same conditions,    
(Equation 5.3)]
37
 for thorium and uranium were calculated using the above distribution 
coefficients to be 150 and 40 with 5 and 40% (v/v) TBP, respectively.
36
  
Equation 5.3:                                         αA,B = DA/DB 
Therefore, reasonable separation was obtained between uranium and thorium using the two 
different concentrations of TBP in xylene. Overall recovery of thorium was reportedly 
99.7%, but quantitative results for the extraction of the REE with TBP were not 
provided.
36
 The thorium oxide was found to contain 2.36 parts of LREE and yttrium per 
million parts of thorium oxide.
36
 
In a later study, Menzies and Rigby investigated uranium and thorium separation with TBP 
(diluted in xylene) using counter-current solvent extraction on a solvent extraction feed 
containing a significantly higher uranium content of 3 to 6 g L
-1
, as well as 100–200 g of 
thorium, 70–250 g of REO and 3–4 M nitric acid.38 The feed was generated by the 
decomposition of monazite by caustic or sulfuric acid. Three investigations were carried 
out: the extraction of uranium with 5% TBP, the extraction of uranium with 40% TBP 
(both followed by thorium extraction with 40% TBP), and the simultaneous extraction of 
uranium and thorium with 40% TBP (followed by preferential backwash of thorium from 
the loaded organic with dilute nitric acid). The simultaneous extraction of uranium and 
thorium and the extraction of uranium with 40% TBP were both found to be unsuitable 
methods for recovering thorium and uranium. Effective separation between uranium and 
thorium was not achieved when the two elements were co-extracted. Similarly, the 
extraction of uranium with 40% TBP was not selective and resulted in the extraction of 
thorium also.
38
 The extraction of milligram per litre quantities of thorium from the REE 
with TBP has not been studied. In addition, information on the extraction of polonium, 
radium and lead from the rare earth-containing matrices with diluted TBP was not 
provided.  
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The extraction of uranium employing TBP was studied further by Stas et al.
39
 and by 
Sato.
40
 Stas et al. found that uranium extraction from a nitric acid solution increased with 
increasing acid concentration, and reached a maximum at 5 M nitric acid.
39
 Sato found that 
the extraction of uranium by TBP was increased by the presence of nitrate in the solution 
due to a ‘salting-out’ effect. More than 95% of the uranyl nitrate was extracted with 
19% TBP in kerosene from feed solutions containing less than 10 g L
-1
 of uranyl nitrate as 
given by Equation 5.4.
39
 
Equation 5.4                  UO2
2+
 + 2NO3
-
 + 2TBP ↔ UO2(NO3)2.2TBP 
Hesford et al. studied the extraction of thorium from nitric acid solution and from a mixed 
sodium nitrate/nitric acid solution. These authors found that the presence of sodium nitrate 
also resulted in a salting-out effect which improved the extraction of thorium nitrate 
compared with its extraction from a straight nitric acid solution.
41
 Thorium was extracted 
as its Th(NO3)4.2TBP species. 
Although the selective extraction of thorium and uranium from the REE using TBP has 
been used in industry, the method is not frequently reported as being used in radiochemical 
separation schemes for radioanalytical purposes. Martin and Hancock, however, used 
concentrated TBP to extract thorium and uranium from solutions derived from 
environmental samples, as part of a separation scheme for the routine analysis of 
polonium, lead, thorium, uranium, radium and actinium by alpha spectrometry.
42
 Radium 
and actinium were partially extracted by the concentrated TBP and were selectively 
stripped using nitric acid before diluting the TBP five-fold with xylene and preferentially 
stripping thorium (5 M HCl) and uranium (water). Based on the studies of Jorjani and 
Shahbazi, it would be expected that significant concentrations of the REE, if present, 
would also be extracted with the thorium and uranium using a concentrated solution of 
TBP.
34
 
The use of solvent extraction for the separation of polonium
43,44
 and lead
45,46
 with TBP has 
also been reported. Chen
43
 and Younes et al.
44
 studied the separation of 
210
Po from 
irradiated 
210
Bi and 
209
Bi, respectively, from 7 M hydrochloric acid solution employing 
10% TBP diluted in xylene. More than 85% of the polonium was extracted in the study by 
Chen,
43
 with polonium extraction found to vary with the TBP concentration. The extracted 
species was assigned as PoCl4.2TBP when the TBP concentration was below 50% and 
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PoCl4.TBP when the TBP concentration was greater than 50%. In the related study by 
Younes et al. extractions of around 95% were reported.
44
 However, the concentration of 
polonium in the feed was not specified in either of these studies.  
Yadar and Khopkar investigated the solvent extraction of lead(II) with TBP diluted in 
methyl isobutyl ketone (MIBK), and found that this ion was quantitatively extracted with 
30% TBP from 3 M hydrochloric acid/2 M lithium chloride.
45
 Lithium chloride was used 
as a salting-out agent to facilitate the extraction. In the absence of this salting-out agent, 
only 70% of lead was extracted from 4 M hydrochloric acid solution, despite increasing 
the TBP concentration to 100%.
45
 In a variation of this procedure, Anupama and 
Palanivelu employed potassium iodide to facilitate the extraction of lead by TBP.
46
 
Similar to uranium and thorium, the extraction of lead and polonium with TBP for 
radioanalytical purposes has not been reported previously. In particular, neither lead nor 
polonium separation appears to have been studied for a rare earth-containing sample using 
TBP. 
The aim of the present investigation was to develop an alternative scheme for the 
sequential, radiochemical separation of uranium, thorium, polonium and lead from a high 
REE solution, as well as in the presence of other elemental interferences. It was 
particularly desirable that a sequential scheme be developed, so that multiple radionuclides 
could be measured from a single sample either by ICP analysis or by alpha or beta 
spectrometry. 
In the present study the use of solvent extraction for the separation of uranium, thorium, 
polonium and lead from a rare earth-containing liquor using TBP in xylene was 
investigated. Ion exchange experiments employing the cation-exchange resins AG50W-X4 
and AG50W-X12 were also conducted to determine whether these resins might be of use 
for separating uranium, thorium and/or lead from residual REE following an initial solvent 
extraction step. A sequential radiochemical separation scheme for uranium, thorium, 
polonium and lead is proposed based on the findings from corresponding scoping tests. 
This alternative separation scheme was then applied to both a bastnasite and a monazite 
process sample. 
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5.3 Experimental 
5.3.1 Instrumentation 
The analytical techniques and instrumentation, as described in Chapter Two 
(Section 2.2.1), were used to prepare and then count the radionuclide sources described in 
this section. Additionally, alpha spectrometry was used to determine the concentrations of 
226
Ra, 
238
U and 
235
U. Radioactive tracer solutions, 
133
Ba (for 
226
Ra) and 
232
U (for 
238
U and 
235
U), were used to monitor losses throughout the analyses. 
For 
226
Ra analysis, liquor samples were analysed ‘as received’ on an appropriate sample 
aliquot. Radium was separated from the matrix elements by selective precipitation as a 
lead/barium/radium sulfate at pH < 1. Lead was then removed by selective precipitation at 
pH 4.5 to produce a barium/radium sulfate. 
Uranium and thorium isotopes were separated according to the methods developed in this 
study and then electrodeposited onto stainless steel discs for alpha spectrometry as 
described in Chapter Two, Section 2.2.1. 
5.3.2 Experimental Methods 
Solvent Extraction Experiments 
The solvent extraction procedures employing TBP (diluted in xylene) were based on 
literature methods for the solvent extraction of uranium and thorium,
36,38
 polonium
43,44
 and 
lead
45
 using the above reagent. Solvent extraction parameters employed were: the organic 
to aqueous phase ratio was kept constant at 1.0, contact time (shaking) was varied from 
five to ten minutes (and conducted manually) and the number of contacts (that is, 
individual extractions) was varied from one to three. Organic and aqueous phases were 
disengaged over seven minutes. All investigations were carried out at room temperature. A 
number of the experiments were performed in duplicate and the results were found to be 
reproducible. 
Ion Exchange Experiments 
Ion exchange experiments were carried out according to literature methods for 
AG50W-X4
11
 and AG50W-X12 (supplied by Bio-Rad Laboratories, Inc.).
12
 The 
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experiments employed a column 9 cm long and an internal diameter of 8 mm, with a 
20 mL reservoir attached to the top.
‡
 A known (dry) mass of the cation exchange resin in 
deionised water was transferred to the column. The AG50W-X4
11
 and AG50W-X12
12
 
resins were pre-conditioned by acid treatment according to the respective literature 
methods. Afterwards, feed solution (2.4 mL for the AG50W-X4 experiments and 2.0 mL 
for the AG50W-X12 experiments) was loaded into the reservoir and introduced via 
dropwise addition.  
The AG50W-X4 resin was eluted sequentially using the following procedure: 
0.5 M HCl/0.3% H2O2 (4 x 0.5 mL), 1 M HCl/80 % (v/v) acetone (4 x 1 mL), 1 M HNO3 
(2 x 1 mL), 5 M HNO3 (1 x 0.5 mL) and 5 M HNO3 (4 x 1 mL). 
The AG50W-X12 resin was eluted sequentially using the following procedure: 2.5 M HCl 
(1 x 2 mL), 5 M HCl (1 x 2.5 mL), 5 M HCl (1 x 8 mL) and 6 M HCl (1 x 6 mL). 
A number of the experiments were performed in duplicate and the results were found to be 
reproducible. 
5.4 Results and Discussion 
5.4.1 Current Radiochemical Sequential Separation Scheme 
During the radionuclide deportment studies presented in Chapters Two and Four, it was 
found that poor results were obtained for 
230
Th analysis by alpha spectrometry and for 
210
Pb by beta spectrometry using the current radiochemical separation scheme (see      
Figure 5.1).
1
 The electrodeposition of thorium isotopes from samples containing REE 
resulted in a thin film ‘coating’ on the stainless steel discs. In addition, 229Th tracer 
recoveries were less than ten percent for rare earth-containing samples in the bastnasite 
study, and less than one percent for rare earth-containing samples in the monazite study. 
Furthermore, the results obtained for 
210
Pb using beta spectrometry on the same samples 
were found to be higher than those obtained using gamma spectrometry. 
                                                 
‡
 A simplified schematic of the experimental set up is available in Appendix Five. 
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Figure 5.1: Flowsheet for the current radiochemical sequential separation scheme used in 
Chapters Two and Four showing the intermediate solutions (one to four) assayed in this 
study.
1§
 
To gain a more thorough understanding of these problems encountered in the 
230
Th and 
210
Pb analyses, a study was carried out to determine the deportment of the REE, thorium, 
uranium and lead in the current separation scheme.
1
 A test solution was prepared using the 
rare earth and thorium-containing hydroxide residue described in Chapter Two, 
Section 2.3.2. The hydroxide solid was fused with sodium peroxide and then dissolved in 
nitric acid.  
An aliquot of the test liquor was analysed using the current separation scheme and the 
intermediate liquors (solutions one to four as indicated in Figure 5.1) were assayed for 
elemental content using ICP-MS and ICP-OES.
1
 Elemental lead was used as an analogue 
for 
210
Pb. Because the solid had been fused, 
210
Po concentrations were not measured since 
polonium is volatile at the temperature of the fusion (635 °C). The composition of the feed 
and the percent elemental deportment from the intermediate liquors are given in Table 5.1. 
                                                 
§
 To the best of the author’s ability, definitive equations concerning the nature of the species involved during 
the solvent extraction and ion exchange procedures were not found in the literature. 
 
Solution One 
Solution Two 
Solution Three 
Pb removal 
loaded 
loaded 
aqueous 
aqueous 
aqueous 
organic 
organic 
TREE+Y and Other Elements 
Elution: 8 M HNO3 
Solvent Extraction 
6 M HCl / 1% DDTC 
Solvent Extraction  
1.5 M HCl / 1% DDTC 
Ion Exchange 
9 M HCl / AG1-X8 
Ion Exchange 
8 M HNO3 / AG1-X8 
Po removal 
Feed + Tracer (s) 
U removal 
Elution: 1.2 M HCl 
Solution Four 
Th removal 
Elution: 6 M HCl 
163 
The measured concentrations of all solutions and the mass balance data are given in 
Appendix Five. Only the results for the LREE are presented since these were the only REE 
which were found in the intermediate solutions. The measured concentrations of the 
MREE and HREE were at or just above the detection limits for ICP-MS and ICP-OES 
(1 mg L
-1
), and therefore, the results for these REE were not considered to be significant. 
The results showed that approximately seven percent of the lead, uranium and thorium and 
three to eight percent of the LREE reported with 
210
Po to the organic phase after 
solvent extraction from 6 M hydrochloric acid solution with DDTC (one percent, diluted in 
chloroform). The extraction of all elements was significantly lower when a second DDTC 
(one percent, diluted in chloroform) extraction for lead was carried out from a 
1.5 M hydrochloric acid feed, with 0.9 percent of the uranium, four percent of the thorium 
and zero to two percent of the other LREE reporting with the lead (88%). The 
praseodymium extraction increased to seven percent when 1.5 M hydrochloric acid was 
employed compared with five percent for 6 M hydrochloric acid. Clearly, the more acidic 
feed solution favours co-extraction of most of the impurity elements. 
Table 5.1: Elemental concentrations in the feed liquor and percent deportment of the lead, 
uranium, thorium and REE from the intermediate liquors using the current radiochemical 
separation scheme.
1
 
Element 
Feed 
(mg L
-1
) 
% Deportment 
Polonium 
Solution One 
Lead 
Solution Two 
Uranium 
Solution Three 
Thorium 
Solution Four 
Po-210 na na na na na 
Pb 12 6.6 88 < 0.1 < 0.1 
U 16 7.1 0.9 85 < 0.1 
Th 678 7.6 4.0 2.6 90 
La 1399 5.4 1.9 6.4 4.3 
Ce 2815 3.1 1.0 < 0.1 3.3 
Pr 218 5.4 7.2 < 0.1 1.7 
Nd 1005 7.9 < 0.1 < 0.1 0.9 
na – Not analysed. Po-210 volatile in sodium peroxide fusion. 
bdl – Below detection limit. 
The extraction of thorium (four percent) with lead from the 1.5 M hydrochloric acid 
solution using one percent DDTC is of particular significance. This finding confirmed the 
gamma spectrometry results for 
210
Pb reported in Chapters Two and Four and indicated 
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that the beta (
210
Bi) source contained other beta-emitting radionuclides, viz 
228
Th decay 
chain progeny, 
212
Pb, 
212
Bi and 
208
Tl, due to inadequate removal of the parent 
228
Th. 
The ion exchange behaviour of uranium with AG1-X8 resin was measured for 
solution three. The feed to the ion exchange column contained uranium, thorium and the 
REE and was loaded onto the column using 9 M hydrochloric acid. Uranium (85%) loaded 
onto the column along with thorium (2.6%) and lanthanum (6.4%). The remaining thorium 
and REE did not bind to the column and were dissolved in 8 M nitric acid before loading 
onto a second AG1-X8 column. Around 90% of thorium was eluted from the column using 
6 M hydrochloric acid (solution four). However, one to four percent of the LREE were 
also found to report to the thorium fraction. 
In the current radionuclide sequential separation scheme described above, there are no 
further separation steps prior to the 6 M hydrochloric acid eluate being prepared for 
thorium electrodeposition.
1
 Given that the recoveries of the 
229
Th tracer that were reported 
in Chapters Two and Four were very low (one to ten percent) and the observations that a 
thin film ‘coating’ was present on the thorium electrodeposited stainless steel discs, it was 
concluded that the presence of the LREE at concentrations of approximately 1 to 24 mg L
-1
 
in the eluate (see Appendix Five) adversely affected thorium electrodeposition. These 
elements must therefore be removed. 
The results of the above study showed that there were deficiencies in the current 
radionuclide sequential separation scheme for the analysis of 
210
Pb and 
230
Th in a solution 
containing gram per litre concentrations of LREE.
1
 Given that gamma spectrometry cannot 
be used to accurately determine the concentrations of 
210
Pb and 
230
Th because of elemental 
and spectral interferences, this provided the justification for the development of an 
alternative radiochemical separation scheme. In hindsight, the development of an accurate 
method for the separation of thorium and uranium isotopes would have been better 
considered at the beginning of this study. 
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5.4.2 Scoping Tests for an Alternative Sequential Radiochemical Separation 
Scheme 
Although it would be desirable to develop a radiochemical separation scheme that could 
satisfactorily separate uranium, thorium, lead and 
210
Po from both the REE and from each 
other, based on the solvent extraction and ion exchange studies described in this chapter, 
developing a complete separation scheme did not seem feasible within the time-frame of 
the present study. Because of this, the main focus in this work was to effectively separate 
uranium and thorium. The reason for this decision was that the current method was 
adequate for 
210
Po analysis even though the presence of matrix elements sometimes 
reduced tracer recoveries to around 50%. Additionally, the results in Section 5.4.1 showed 
that it was difficult to separate lead from thorium. Data for 
210
Po and lead were, however, 
obtained in the experimental program for possible use at some later stage. In hindsight, the 
development of an accurate method for the separation of thorium and uranium isotopes 
would have been better considered at the beginning of this study. 
The following sections describe the experimental program undertaken to study the 
solvent extraction and ion exchange behaviour of uranium and thorium radionuclides, lead 
(as an analogue for 
210
Pb) and the REE. Solvent extraction employing TBP was based on 
the methods reported in the literature for the solvent extraction of uranium and 
thorium,
36,38
 polonium
43,44
 and lead
45
 with TBP. The ion exchange experiments were 
carried out according to published procedures for the cation-exchange resins, 
AG50W-X4
11
 and AG50W-X12.
12 
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 Solvent Extraction of Uranium and Thorium with TBP in Xylene 5.4.2.1
A series of scoping tests for uranium and thorium extraction with TBP in xylene were 
carried out. The purpose of these tests was to obtain a general trend on the behaviour of the 
TREE+Y, thorium, uranium and lead during solvent extraction with TBP. Chloride leach 
liquor obtained from the leaching of bastnasite ore with hydrochloric acid (Chapter Three) 
was evaporated and then the residue was dissolved in nitric acid to generate the solvent 
extraction feed used in the following tests. The concentrations of the TREE+Y 
(predominantly the LREE), uranium, thorium and other radionuclides in a typical solvent 
extraction feed are given in Table 5.2. 
The effects of free acidity, contact time and the number of contacts on the sequential 
separation of uranium and thorium with TBP solutions were investigated. The volume of 
feed used in each test was 20 mL, except for SX-9 and SX-10 where it was 40 mL. The 
organic to aqueous phase ratio was kept constant at 1.0. The contact time was five or 
ten minutes and the phases were disengaged over seven minutes. Both single and multiple 
extractions with TBP solution were investigated. During the latter investigations, aqueous 
feed was extracted three times using fresh TBP solutions for each of the contacts. Total 
percent extraction at the end of the three contacts was equal to the total amount of the 
species extracted by the respective organic phases after three contacts relative to the 
amount of the species present in the feed. 
Table 5.2: Concentrations of selected elements and radionuclides in the solvent extraction 
feed used in the scoping experiments for uranium and thorium extraction with 5% and 
40% TBP in xylene. 
Element Concentration Units 
U 1.4 mg L
-1
 
Th 11 mg L
-1
 
Pb 23 mg L
-1
 
Po-210 15 Bq L
-1
 
Pb-210 23 Bq L
-1
 
Ra-226* 16 Bq L
-1
 
TREE+Y 6146 mg L
-1
 
* By gamma spectrometry. 
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The free acidity of the feed was varied from 1.9 to 7.0 M nitric acid. Uranium was 
extracted from the feed using 5% (v/v) TBP in xylene
**
, which had previously been 
equilibrated with nitric acid of the same molarity as the feed. Thorium was then extracted 
from the uranium raffinate by solvent extraction with pre-equilibrated 40% TBP in xylene.  
Only the aqueous phases were assayed. Elemental results were obtained using ICP-MS and 
ICP-OES analysis, while the 
210
Po concentrations were measured using 
alpha spectrometry. Lead was used as an analogue for 
210
Pb. Radium-226 analysis by 
alpha spectrometry was also attempted but was unsuccessful, due to interference from the 
presence of the REE. 
The percent extraction results were calculated based on the difference between the 
solvent extraction feed concentrations and those of the raffinate. The experimental 
parameters and results for the uranium and thorium scoping tests are given in Table 5.3. 
Effect of the Free Acidity of the Solvent Extraction Feed 
The effect of the free acidity of the solvent extraction feed on the extraction of uranium 
and thorium with 5% and 40% TBP (both diluted in xylene), respectively, for a single, 
five-minute contact was studied. Uranium extraction with 5% TBP was independent of the 
free acidity between acid concentrations of 1.9 and 5.0 M nitric acid (at 86–87%) (SX-1 to 
SX-3) but appeared to decrease when the free acidity was increased to 7.0 M nitric acid 
(SX-4), although the observed decrease, at best, is marginal given the likely errors 
involved. This is largely in agreement with the findings of Stas et al., who found that 
uranium extraction from a nitric acid solution increased up to 5 M nitric acid with no 
further increase being observed at 6 M nitric acid.
39
 The behaviour of the TREE+Y, 
thorium and lead was somewhat variable over the range of acidities studied, however, no 
more than four percent of these elements co-extracted with uranium at any acidity. The 
extraction of 
210
Po was less than 0.1% from 3.0 M and 7.0 M nitric acid. Solvent extraction 
with 5% TBP is, therefore, highly selective for uranium under the conditions employed in 
the above study. 
                                                 
**
All concentrations of the extractant were prepared as % (v/v). In further referencing, the (v/v) will be 
omitted. 
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Table 5.3: Extraction of thorium, uranium and other elements with 5% and 40% TBP in xylene. 
% Extraction 
Test ID 
Free 
HNO3 
(M) 
Contact 
Time 
No. of 
Contacts 
5% TBP 40% TBP 
TREE+Y U Th Pb Po-210 TREE+Y Th Pb Po-210 
SX-1 1.9 5 1 0.8 87 1.1 2.0 na 7.3 55 0.4 na 
SX-2 3.0 5 1 1.0 86 < 0.1 < 0.1 < 0.1 4.9 47 1.8 35 
SX-3 5.0 5 1 2.5 86 3.1 0.5 na 6.1 71 3.8 na 
SX-4 7.0 5 1 0.8 80 < 0.1 < 0.1 < 0.1 4.3 80 3.5 5.3 
SX-5 3.0 10 1 2.0 85 < 0.1 < 0.1 < 0.1 3.3 46 1.8 29 
SX-6 5.0 10 1 1.7 75 5.2 1.3 na 3.4 71 3.9 na 
SX-7 7.0 10 1 0.4 76 < 0.1 < 0.1 6.1 4.7 80 5.4 7.6 
SX-8 3.0 5 3 6.0 94 3.6 1.8 na 18 80 6.3 na 
SX-9 5.0 5 3 7.1 94 7.5 3.8 na 14 97 2.5 na 
SX-10 7.0 5 3 7.0 94 9.7 10 na 10 88 4.0 na 
Na – not analysed. Selected experiments only analysed for 210Po. 
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Thorium extraction from the uranium raffinate using 40% TBP was also dependent on the 
free acidity but in general increased with increasing acidity. The maximum thorium 
extraction was 80% at an acid concentration of 7.0 M nitric acid (SX-4). The extraction of 
lead also increased with increasing acidity from 0.4 to 3.8%, while the concentration of 
210
Po decreased significantly from 35 to 3.5%. The extractions of the TREE+Y were again 
variable over the range of acidities studied (4.3–7.3%). Overall, the results showed that 
40% TBP extracted more of the TREE+Y, lead and 
210
Po compared to 5% TBP and 
therefore, extraction with 40% TBP was not as selective for thorium.  
A free acid concentration in the feed of 5.0 M nitric acid was selected for use in the 
subsequent studies because the uranium (86%) and thorium (71%) extractions were 
reasonably high and the extractions of impurity elements were low for this concentration.  
Contact Time 
Increasing the contact time from five to ten minutes for the uranium or thorium extractions 
using free acidities of 3.0 to 7.0 M nitric acid (SX-5 to SX-7) decreased the uranium 
extraction (from 85 to 75%) but had no effect on the thorium extraction. Increasing the 
contact time generally increased the extraction of TREE+Y, lead and 
210
Po, particularly in 
thorium extraction.  
Overall, increasing the contact time from five to ten minutes did not result in improved 
uranium or thorium extraction. Therefore, a contact time for thorium and uranium 
solvent extraction with 5% and 40% TBP (in xylene), respectively, of five minutes was 
selected for the subsequent studies. 
Number of Contacts 
The number of contacts (extractions) for uranium and thorium employing 5% and 
40% TBP, respectively, from feed solutions containing free acidities of 3.0, 5.0 and 
7.0 M nitric acid was increased from one to three (SX-8 to SX-10). The contact time in 
each case was kept constant at five minutes. 
The results show that, on increasing the number of contacts to three, the degree of 
extraction increased from 86 to 94% for uranium and from 71 to 97% for thorium at a 
free acidity of 5.0 M nitric acid. Overall, the percent extractions of the TREE+Y with 
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5% and 40% TBP increased approximately three-fold. Lead extraction with 5% TBP 
increased significantly (from 0.5% to 1.8–10%) while that for 40% TBP averaged an 
increase of two to three-fold. 
Uranium and thorium extractions were higher using three contacts and hence three 
contacts was employed for the subsequent studies. The degree of extraction of the other 
(impurity) elements also increased with the increase in number of contacts, but these are 
able to be removed by a further purification step or steps (see later). 
Conditions for Extraction of Uranium and Thorium with TBP in Xylene 
Based on the results of the solvent extraction scoping tests, the conditions chosen for 
uranium and thorium separation from the REE by 5% and 40% TBP (in xylene) organic 
phases, respectively, employed free acidity of 5.0 M nitric acid for both extractions using 
three, five-minute contacts (see SX-9 in Table 5.3). Extraction from a 3.0 M nitric acid 
gave similar uranium recovery and lower REE and lead recovery to the extraction from 
5.0 M nitric acid, however, thorium extractions in the subsequent extraction with 
40% TBP decreased from 97% (5.0 M nitric acid) to 80% (3.0 M nitric acid). 
Distribution and Separation Factors for Extraction of Uranium and Thorium with TBP 
The distribution and separation factors for uranium, thorium and the various impurity 
elements under the chosen conditions given above are presented in Table 5.4 and in     
Table 5.5, respectively. 
The distribution coefficients for uranium and thorium using 5% TBP were found to be 8.8 
and 0.04, respectively; which correspond to a uranium/thorium separation factor of 220. 
These are in close agreement with the values reported by Audsley and Lind, which were 
6 and 0.04, respectively, and correspond to a separation factor of 150.
36
 The distribution 
coefficient for thorium using 40% TBP was 9.2, which was significantly higher than that 
reported by Audsley and Lind (0.5).
36
 This is probably due to the lower thorium 
concentration in the feed in the present study (11 mg L
-1
) compared with that present in 
Audsley and Lind’s study (168 g L-1). 
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Table 5.4: Distribution coefficients under the conditions employed for uranium and thorium extraction using TBP diluted in xylene. 
Test ID 
Free 
HNO3 
(M) 
Contact 
Time 
(min) 
No. of 
Contacts 
5% TBP 40% TBP 
U La Ce Th Pb Th La Ce Pb 
SX-9 5.0 5 3 8.8 0.014 0.013 0.027 0.013 9.2 0.047 0.056 0.007 
Table 5.5: Separation factors under the conditions for uranium and thorium extraction using TBP diluted in xylene. 
Test ID 
Free  
HNO3  
(M) 
Contact 
Time 
(min) 
No. of 
Contacts 
5% TBP 40% TBP 
U/La U/Ce U/Th U/Pb Th/La Th/Ce Th/Pb 
SX-9 5.0 5 3 615 680 322 655 233 179 741 
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Stripping of Uranium and Thorium from the Loaded Organic (TBP) Phases 
Uranium and thorium of course needs to be stripped from the respective loaded organic 
phases prior to electrodeposition. The strip liquors used were 0.02 M nitric acid for 
uranium followed by deionised water, 0.02 M nitric acid and 2.0 M nitric acid for thorium. 
The strip liquors were selected based on literature procedures.
36,38
 The loaded organic was 
divided into three portions and stripped three times with each of the different strip liquors. 
The organic to aqueous phase ratio was kept constant at 1.0. Each strip was contacted for 
five minutes and the organic and aqueous phases were disengaged over seven minutes. 
Uranium and thorium were stripped from the 5% and 40% loaded organic (xylene) phases 
generated in the SX-9 experiment (Section 5.4.2.1). The results are given in Table 5.6. The 
percent stripping for each element was calculated based on the amount of that element in 
the loaded 5% and 40% TBP organic phases relative to the amount in the corresponding 
strip solutions.  
Table 5.6: Stripping of uranium, thorium and TREE+Y from loaded TBP organic phases. 
Element 
% Stripping 
Deionised Water 0.02 M HNO3 2.0 M HNO3 
Loaded 5% TBP 
Uranium - > 99.9 - 
TREE+Y - 17 - 
Loaded 40% TBP 
Thorium > 99.9 > 99.9 71 
TREE+Y 92 68 93 
The results showed that 0.02 M nitric acid was effective in stripping more than 99.9% of 
the uranium and the thorium from the loaded 5% and 40% TBP phases, respectively. 
Seventeen percent of the TREE+Y were found to strip with the uranium while 68% were 
found to strip with the thorium. Although deionised water was also effective in stripping 
more than 99.9% of the thorium, the percentage of TREE+Y that was stripped increased to 
92% in this case. Increasing the acidity of the strip solution from 0.02 M to 
2.0 M nitric acid decreased the thorium stripping to 71% while the percentage of TREE+Y 
increased to 93%. Based on these results, 0.02 M nitric acid was chosen for stripping the 
uranium and the thorium from loaded 5% and 40% TBP phases. 
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 Solvent Extraction of Polonium and Lead with TBP 5.4.2.2
In the results presented in Section 5.4.2.1, it was found that up to two percent of the lead 
and less than 0.1% of the 
210
Po were extracted with the uranium from 5% TBP (in xylene) 
for free acidities of 1.9 to 7.0 M nitric acid, while four percent of lead and up to 35% of 
210
Po were extracted with the thorium using 40% TBP. Polonium-210 extraction, however, 
decreased significantly as the acid concentration increased and was only 5.3% when the 
acid concentration was 7.0 M nitric acid. Nitric acid was, therefore, not suitable for 
210
Po 
and lead extraction using TBP. 
Literature data reported by Chen
43
 and Younes et al.
44
 indicated that up to 95% of 
polonium was extracted from a 7 M hydrochloric acid matrix with 10% TBP in xylene.
43
 
Lead was reportedly completely extracted with 30% MIBK in xylene from a 
3 M hydrochloric acid solution in the presence of the salting-out agent, lithium chloride.
45
  
Initial scoping tests were carried out to compare the results from the present study with the 
above literature results.
43-45
 Chloride leach liquor obtained from the leaching of 
bastnasite ore with hydrochloric acid was evaporated and the residue was then dissolved in 
nitric acid to generate the solvent extraction feed that was used in the following tests. The 
concentration of the REE in the feed solutions was 12 g L
-1
 and the free hydrochloric acid 
concentration was respectively 2.9, 7.4 and 9.3 M. Polonium-210 and lead were extracted 
using 10% TBP (diluted in xylene). The TBP solution was initially equilibrated with 
hydrochloric acid of the same molarity as the feed. The organic to aqueous phase ratio was 
kept constant at 1.0. The contact time was five minutes and the phases were disengaged 
over seven minutes. Three contacts were carried out for each extraction. Lead was used as 
an analogue for 
210
Pb. 
As previously, the concentrations of the TREE+Y and lead were measured using ICP-MS 
and ICP-OES and the concentration of 
210
Po was measured using alpha spectrometry. The 
elemental composition of the feed solution and the extraction results for the TREE+Y, lead 
and 
210
Po are given in Table 5.7. 
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Table 5.7: Elemental concentrations in the feed and percent extraction for TREE+Y, lead 
and polonium using 10% TBP in xylene. 
Sample ID 
TREE+Y 
mg L
-1
 
Lead 
mg L
-1
 
210
Po 
Bq L
-1
 
Feed Composition 11945 37 37 
HCl Conc. In Feed (M) % Extraction 
2.9 4.9 < 0.1 < 0.1 
7.4 7.4 < 0.1 3.3 
9.3 5.4 < 0.1 4.1 
The results did not correlate with the literature values reported for polonium
43,44
 and lead
45
 
with no lead extraction at any acidity and a maximum of only 4.1% for 
210
Po extraction 
from 9.3 M hydrochloric acid. The TREE+Y extraction was also very low at less than 
eight percent. 
The high concentrations of REE in the feed may have limited the extraction of 
210
Po and 
lead in the present experiments and so a new feed containing approximately half (6 g L
-1
) 
of the REE was prepared by diluting the chloride leach liquor. The concentration of the 
REE in the new feed solutions was 5.5 g L
-1
 and the free hydrochloric acid concentration 
was varied to achieve concentrations of 1.5, 4.0, 5.3 and 6.4 M. Polonium-210 and lead 
were extracted using 5, 10 and 40% TBP (diluted in xylene). Other conditions used for the 
solvent extraction and subsequent analyses were the same as those given above. 
The extraction results for the TREE+Y, lead and 
210
Po are given in Table 5.8. Although the 
lead extraction did increase when compared to the 12 g L
-1
 REE results, and was found to 
increase with increasing TBP concentration, the maximum extraction was only 6.2% using 
40% TBP in xylene from the 4.0 M hydrochloric acid feed. This result was still in poor 
agreement with that of 63% extraction from 3 M hydrochloric acid in the absence of 
lithium chloride using 30% TBP reported by Yadar and Khopkar.
45
 However, in the 
absence of further details it appears inappropriate to speculate further concerning the 
reason(s) for these observed extraction differences. 
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Table 5.8: Elemental concentrations in the feed and percent extraction for the TREE+Y, 
lead and polonium with varying TBP concentrations (in xylene) and different free 
acidities. 
Test ID 
TREE+Y 
mg L
-1
 
Lead 
mg L
-1
 
Po-210 
Bq L
-1
 
Feed Composition 5484 24 18 
HCl Conc. In 
Feed (M) 
TBP 
Concentration  
[% (v/v)] 
% Extraction 
1.5 5 2.4 3.1 5.8 
4.0 5 3.8 2.3 2.8 
5.3 5 3.2 1.8 < 0.1 
6.4 5 4.4 0.7 7.2 
1.5 10 2.6 2.8 4.3 
4.0 10 < 0.1 2.3 6.9 
5.3 10 1.4 2.9 1.8 
6.4 10 4.2 1.8 49 
1.5 40 4.0 5.8 96 
4.0 40 4.5 6.2 94 
5.3 40 3.4 4.3 96 
6.4 40 5.2 5.2 94 
The extraction behaviour of the TREE+Y was similar to that for lead in that it increased 
with increasing TBP concentration to a maximum of 5.2% for 40% TBP from 
4.0 M hydrochloric acid. In contrast, the 
210
Po extraction increased markedly with 
increasing TBP concentration. Approximately 95% of 
210
Po was extracted from the 
6 g L
-1
 REE feed using 40% TBP and the extraction was found to be independent of the 
acid concentration. Both lead (4.3 to 6.2%) and TREE+Y (3.4 to 5.2%) were extracted 
with 
210
Po using 40% TBP. At lower TBP concentrations, 
210
Po extraction was found to 
vary over the range of acidities studied but was highest for 6.4 M hydrochloric acid for 
both 5% and 10% TBP (in xylene). 
In light of these results, no further attempt was made to develop a procedure for the 
solvent extraction separation of polonium and lead from the TREE+Y employing TBP. 
Given that the extraction of 
210
Po in the current sequential separation scheme followed by 
autodeposition onto silver gives adequate separation from the other radionuclides and 
matrix elements including the TREE+Y, extraction using DDTC remains the preferred 
176 
method for 
210
Po analysis.
1
 However, it was considered that ion exchange (described in the 
following section) might prove to be more suitable for lead separation from the TREE+Y 
and other elements. 
Despite the limitation just mentioned, overall the solvent extraction experiments were 
successful in separating thorium and uranium with reasonably high selectivity over the 
REE, polonium and lead. The solvent extraction separation of thorium and uranium with 
diluted TBP solutions was therefore implemented as part of the alternative radiochemical 
separation scheme developed in the present study. 
5.4.3 Ion Exchange Behaviour of Uranium, Thorium, Lead and the REE Employing 
AG50W-X4 and AG50W-X12 Resins 
 AG50W-X4 Resin 5.4.3.1
Pin and Joannon reported the bulk separation of trace quantities of the REE from 
geological materials containing aluminium, barium, calcium, hafnium, thorium, titanium 
and zirconium using the conventional cation-exchange resin, AG50W-X4.
11
 The 
concentrations of the REE in the samples ranged from 0.256 to 2.53 µg g
-1
, while the 
thorium concentration was approximately 0.03 µg g
-1
. The concentration of TREE+Y in 
the feed employed for ion exchange was approximately 6 mg L
-1
.
11
 
In the present study a series of scoping tests were undertaken to determine whether the 
AG50W-X4 resin could be used to separate thorium, uranium and lead from higher 
(approximately 1 g L
-1
) concentrations of the TREE+Y. A synthetic test solution 
containing REE, thorium, uranium and lead was prepared from ICP standard solutions 
(1 mg L
-1
) which thus limited the maximum metal concentrations that could be achieved. 
Nevertheless the concentrations employed do resemble the distribution present in a 
"typical" leach solution from a mineral enriched in LREE; that is, the feed solution 
contained higher concentrations of the LREE and MREE than HREE and thorium, 
uranium and lead. Lead was used as an analogue for 
210
Pb. An aliquot (2 mL) of the test 
solution was then pre-concentrated using iron precipitation. Ten millilitres of standard iron 
solution (1 mg mL
-1
) was added and the solution adjusted to pH 9 by the dropwise addition 
of concentrated ammonia. The iron hydroxide residue was dissolved in a 1:1 mixture of 
concentrated perchloric acid and 0.5 M hydrochloric acid/0.3% hydrogen peroxide. As 
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previously employed for the solvent extraction studies, the elemental composition of the 
ion exchange feed was measured by ICP-MS and ICP-OES and is given in Table 5.9. 
Table 5.9: Elemental concentrations in the feed for the study with AG50W-X4 resin. 
Element 
Concentration 
(mg L
-1
) 
Element 
Concentration 
(mg L
-1
) 
Fe 3200 Dy 21 
Pb 20 Ho 7.7 
Th 19 Er 8.1 
U 19 Tm 7.9 
La 126 Yb 8.5 
Ce 249 Lu 71 
Pr 120 Y 9.2 
Nd 116 Sc - 
Sm 37 TREE+Y 837 
Eu 7.7 LREE 610 
Gd 40 MREE 85 
Tb 8.0 HREE 141 
The ion exchange behaviour of the uranium, thorium, lead and TREE+Y was studied using 
the method of Pin and Joannon.
11
 Three resin masses, 0.8, 1.7 and 2.4 g were investigated 
using a gravity-fed column of 8 mm internal diameter. Synthetic feed solution (2.4 mL) 
was loaded onto pre-equilibrated AG50W-X4 resin in the column and three sequential 
"washes" (to yield fractions one to three) were collected for each of the different resin 
masses. The first fraction (fraction one) in each case contained the "depleted" feed solution 
after loading on the column had occurred as well as the first elution from the resin with 
0.5 M hydrochloric acid/0.3% hydrogen peroxide (4 x 0.5 mL) (fraction one). The resin 
was then eluted sequentially with 1 M hydrochloric acid/80% (v/v) acetone (4 x 1 mL), 
1 M nitric acid (2 x 1 mL) and 5 M nitric acid (1x 0.5 mL) and the combined elutions were 
collected as fraction two. Finally, the resin was eluted with 5 M nitric acid (1 x 4 mL) to 
recover the lanthanides in fraction three. 
Elemental analysis was carried out using ICP-MS and ICP-OES. The percent of each 
element eluted was calculated relative to the amount of that element that had loaded onto 
the resin. The results are given in Table 5.10. The estimated errors for these results are 
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approximately ± 10%. The measured concentrations of all solutions and the mass balance 
data are given in Appendix Five.  
Overall, use of a resin mass of 0.8 g was the most favourable for elution of all the 
elements. As the resin mass was increased, the quantities of the elements eluted from the 
resin decreased. The exception was uranium in fraction three, where 81% was eluted from 
the 1.7 g loaded column compared to 0.8% from the 0.8 g column and 56% from the 2.4 g 
column. 
The best results for the separation of lead and uranium from the TREE+Y were obtained 
using the 0.8 g loaded column. Ninety two percent of the lead together with 23% of the 
uranium were eluted in fraction one. In fraction two, 72% of the uranium, together with 
7.3% of the lead were eluted. The concentrations of the TREE+Y in fractions one and two 
were 2.3% and 1.4%, respectively. Less than one percent of the thorium was found in these 
two fractions. 
The TREE+Y and the thorium remained on the 0.8 g column and were not eluted until the 
third wash with 5 M nitric acid. All of the thorium that had been loaded (62%) and 92% of 
the TREE+Y were eluted. Adequate separation of thorium from the TREE+Y was not 
obtained using the AG50W-X4 resin. 
Table 5.10: Results from the study aimed at separation of uranium, thorium, lead and 
TREE+Y using AG50W-X4 resin.  
Resin Mass 
 (g)  
Element 
% Elution 
Fraction One Fraction Two Fraction Three TOTAL 
0.8 
U 22 72 0.8 94 
Th < 1 < 1 62 62 
Pb 89 7.3 < 1 96 
TREE+Y 2.3 1.4 92 96 
1.7 
U < 1 1.5 81 83 
Th < 1 < 1 12 12 
Pb 78 21 2.2 102 
TREE+Y < 1 < 1 88 88 
2.4 
U < 1 < 1 56 56 
Th < 1 < 1 < 1 < 3 
Pb 38 51 5.4 94 
TREE+Y < 1 < 1 47 47 
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In the absence of a sensitivity analysis on the parameters considered for elution, it is not 
possible to comment further on the selectivity changes in metals elution with change in 
mass of resin. 
 AG50W-X12 Resin 5.4.3.2
Yang et al. reported the bulk separation of the REE from other matrix elements (such as 
strontium and rubidium) in geological samples using the common cation-exchange resin, 
AG50W-X12.
12
 However, detailed information on the composition of the feed was not 
provided by these authors. 
A series of scoping tests were undertaken to determine whether the AG50W-X12 resin 
could be used to separate thorium, uranium and lead from the TREE+Y. An aliquot (2 mL) 
of the test solution prepared in the section above was pre-concentrated and the 
iron hydroxide residue was dissolved in 2.5 M hydrochloric acid. The elemental 
composition of the ion exchange feed was again measured by ICP-MS and ICP-OES and 
the results are given in Table 5.11. 
Table 5.11: Elemental concentrations in the feed for the study with AG50W-X12 resin. 
Element 
Concentration 
(mg L
-1
) 
Element 
Concentration 
(mg L
-1
) 
Pb 25 Ho 9.1 
Th 23 Er 9.4 
U 24 Tm 9.4 
La 144 Yb 9.8 
Ce 295 Lu 87 
Pr 142 Y 9.0 
Nd 144 Sc - 
Sm 48 TREE+Y 1000 
Eu 9.3 LREE 725 
Gd 49 MREE 107 
Tb 9.4 HREE 168 
Dy 25   
The ion exchange behaviour of uranium, thorium, lead and the TREE+Y was studied using 
the method of Yang et al.
12
 Four resin masses, 0.8, 1.4, 2.3 and 2.6 g were investigated 
using the column described previously. Synthetic feed solution was loaded onto 
pre-equilibrated AG50W-X12 resin and four sequential elution fractions were collected as 
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described earlier in this chapter. The first fraction contained the "depleted" feed solution 
after loading on the column had occurred and the first elution with 2.5 M hydrochloric acid 
(2 mL) (fraction one). The resin was then eluted sequentially with 5 M hydrochloric acid 
(1 x 2.5 mL) (fraction two), 5 M hydrochloric acid (1 x 8 mL) (fraction three) and 
6 M hydrochloric acid (1 x 6 mL) (fraction four). 
Elemental analysis was carried out using ICP-MS and ICP-OES. The percent elution was 
calculated based on the amount of each element that loaded onto the resin. The results are 
given in Table 5.12. The estimated errors for these results are again approximately ± 10%. 
The measured concentrations of all solutions and the mass balance data are given in 
Appendix Five. 
Table 5.12: Results from the study aimed at separation of uranium, thorium, lead and 
TREE+Y using AG50W-X12 resin.
††
  
Element 
% Elution 
Fraction 
One 
Fraction 
Two 
Fraction 
Three 
Fraction 
Four 
TOTAL 
    0.8 g column  
U 34 59 6.1 < 0.1 99 
Th < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 
Pb 100 1.0 < 0.1 < 0.1 101 
TREE+Y < 1 21 78 4.7 104 
    1.4 g column 
U < 10 77 23 < 10 100 
Th < 10 < 10 < 10 < 10 < 40 
Pb 94 5.2 < 10 < 10 99 
TREE+Y < 10 < 10 71 22 93 
    2.3 g column 
U < 0.1 19 81 4.5 105 
Th < 0.1 < 0.1 < 0.1 < 0.1 < 0.4 
Pb 80 15 1.3 0.2 97 
TREE+Y < 1 < 1 29 47 76 
    2.6 g column 
U < 10 16 83 < 10 99 
Th < 10 < 10 < 10 < 10 < 40 
Pb 72 20 < 10 < 10 92 
TREE+Y < 10 < 10 21 42 63 
                                                 
††
ICP detection limit was higher in the 1.4 g and 2.6 g column experiments than the 0.8 and 2.3 g column 
experiments (see Appendix Five). 
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For fraction one, the results were similar to those obtained for the AG50W-X4 resin 
(Section 5.4.3.1) and showed that the elution of the elements decreased with an increase in 
the resin mass. 
In fraction two, the elution behaviour varied. Lead increased with increasing resin mass 
from one percent to 20%. Uranium increased from 59% in the 0.8 g column to 77% in the 
1.4 g column but decreased to 19% and 16%, respectively, in the 2.3 g and 2.6 g columns. 
The elution of the TREE+Y decreased from 21% for the 0.8 g column to less than 
one percent for the 2.3 g column. Percent elution of the TREE+Y for the 1.4 g and 2.6 g 
columns was found to be less than ten percent due to the higher detection limit in the 
ICP analyses. However, the percent elution for these experiments would be expected to be 
similar to that for the 2.3 g column. 
Fractions one and two (2.5 M hydrochloric acid) corresponded to the best separation of 
uranium and lead from the TREE+Y. The best separation of lead from uranium and the 
TREE+Y was obtained using the 1.4 g column. 
All of the lead and (in general) less than ten percent of the uranium and the TREE+Y were 
eluted to form fraction one. The best result for the separation of uranium from the 
TREE+Y was also obtained using the 1.4 g column. In fraction two, 77% of the uranium, 
together with 5.2% of the lead, and less than ten percent of the TREE+Y were present. 
These results are very similar to those obtained for the 0.8 g AG50W-X4 column. 
The thorium was not eluted from any of the columns. This appears to be the first instance 
in which the complete separation of thorium from the REE, uranium and lead has been 
reported. However, until conditions for the elution of the thorium can be found, the 
procedure is of no present benefit for use in the analysis scheme. The majority of the 
TREE+Y occurred in fractions three and four, corresponding to higher acid concentrations 
(5 M and 6 M hydrochloric acid). The non-recovery of thorium using the AG50W-X12 
resin would be of advantage in the further purification of a crude uranium fraction from 
residual thorium isotopes. 
In the absence of a sensitivity analysis on the parameters considered for elution, it is not 
possible to comment further on the selectivity changes in metals elution with change in 
mass of resin. 
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Summary 
Overall, the AG50W-X12 resin was found to be more effective in separating uranium, 
thorium and lead from the TREE+Y, however, lead was the only element that could be 
separated from uranium and thorium (1.4 g column, fraction one). The uranium present in 
fraction two (1.4 g column) will need to undergo further purification prior to 
electrodeposition to remove lead. Further investigations would be required to find a 
suitable eluent for thorium before the ion exchange separation with AG50W-X12 can be 
used.
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5.4.4 Proposed Alternative Sequential Radiochemical Separation Scheme for 
Uranium and Thorium 
An alternate sequential radiochemical separation scheme has been proposed to separate 
uranium and thorium from a REE matrix, based on the results of the studies carried out in 
Sections 5.4.2 and 5.4.3. A simplified schematic of this alternative separation method is 
shown in Figure 5.2. 
In the first step, the feed is converted to a 5 M nitric acid matrix and the radioactive 
tracers, 
232
U and 
229
Th, added. The feed is then contacted with 5% TBP in xylene to extract 
the uranium and the raffinate is contacted with 40% TBP in xylene to extract thorium. 
Three five-minute extractions are then carried out at an organic to aqueous phase ratio of 
1.0, and the organic and aqueous phases are disengaged over seven minutes. The loaded 
organic liquors are stripped with 0.02 M nitric acid to generate a crude uranium (from 
5% TBP) and thorium (from 40% TBP) nitrate liquor. This crude uranium nitrate liquor is 
then further purified by ion exchange with AG50W-X12 (1.4 g) and then AG1-X8 resin to 
remove any residual REE and alkali or alkaline earth metals. 
The crude thorium nitrate liquor is treated using ion exchange with AG1-X8 resin, using 
the current radiochemical separation method.
1
 Although it was previously observed in 
Section 5.4.1 that this resin did not achieve complete separation of the REE from thorium, 
it is possible that by first extracting thorium using 40% TBP, the REE concentrations in 
the crude thorium nitrate may be low enough to completely separate thorium from the 
remaining REE using the AG1-X8 resin. As mentioned in Section 5.4.3.2, thorium could 
not be recovered using AG50W-X12 resin and the use of this resin was not considered for 
the separation and further purification of thorium in the proposed alternative radiochemical 
separation scheme. 
The proposed alternative radiochemical separation scheme was assessed using both 
bastnasite and monazite chloride liquors and the results are presented in Section 5.4.4.1 
and 5.4.4.2, respectively. The analysis was done in triplicate; however, only one sample 
was used to monitor elemental behaviour through the method. The other two samples were 
electrodeposited and counted. 
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Figure 5.2: Simplified flowsheet of the proposed alternative radiochemical separation scheme. 
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 Analysis of a Bastnasite Sample by the Alternative Method 5.4.4.1
Chloride leach liquor obtained from the leaching of bastnasite ore with hydrochloric acid 
(Chapter Three) was converted to a 5 M nitric acid matrix and a 40 mL aliquot of this feed 
was analysed using the alternative radiochemical separation scheme. An aliquot of both the 
purified uranium and thorium liquors prior to electrodeposition onto stainless steel discs 
was taken and assayed. 
The electrodeposited uranium and thorium sources were counted by alpha spectrometry 
and the average results for the uranium and thorium isotopes are given in Table 5.13. The 
average elemental concentrations in the feed and the purified uranium and thorium liquors 
were analysed using ICP-MS and ICP-OES and are given in Table 5.14. The 
concentrations of impurity elements (such as iron), MREE and HREE in the thorium 
fraction were also below detection limit. However, the thorium sample contained 
2.1 mg  L
-1 
of the LREE.  
Table 5.13: Radionuclide concentrations in bastnasite chloride leach liquor. 
Radionuclide 
ICP-MS 
Bq L
-1 
Alpha Spectrometry 
Bq L
-1 
U-238 17 ± 2 19 ± 2 
U-235* 0.78 ± 0.08 0.9 ± 0.1 
Th-232 44 ± 4 46 ± 4 
Th-228 - 55 ± 5 
Th-230 - 18 ± 2 
* Calculated from the measured U-238 concentration. 
The concentrations of 
238
U and 
235
U in the chloride
 
leach liquor were 19 and 0.86 Bq L
-1
, 
respectively. This was in excellent agreement with the results obtained by ICP-MS, which 
were 17 and 0.78 Bq L
-1
, respectively. In addition, the average uranium recovery using the 
alternative radiochemical separation scheme was greater than 80%. 
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Table 5.14: Elemental concentrations in the bastnasite chloride leach liquor and the purified uranium and thorium liquors. 
Element 
Concentration 
(elemental: mg L
-1
; U-238 and Th-232: Bq L
-1
 Element 
Concentration (mg L
-1
) 
Feed Uranium Thorium Feed Uranium Thorium 
Al 877 < 1 < 1 La 1785 < 0.1 0.6 
Ba 368 < 1 < 1 Ce 2849 < 0.1 1.1 
Fe 13199 < 1 < 1 Pr 303 < 0.1 0.1 
Mg 549 < 1 < 1 Nd 1033 < 0.1 0.2 
Mn 1495 < 1 < 1 Sm 102 < 0.1 < 0.1 
Pb 23 < 0.1 < 0.1 Eu 17 < 0.1 < 0.1 
Si 4.9 < 1 < 1 Gd 36 < 0.1 < 0.1 
Th 11 < 0.1 5.2 Tb 2.1 < 0.1 < 0.1 
Ti 73 < 1 < 1 Dy 4.2 < 0.1 < 0.1 
U 1.4 0.37 < 0.1 Ho < 1 < 0.1 < 0.1 
Zn 38 < 1 < 1 Er < 1 < 0.1 < 0.1 
Zr 3.7 < 1 < 1 Tm < 1 < 0.1 < 0.1 
    Yb < 1 < 0.1 < 0.1 
    Lu < 1 < 0.1 < 0.1 
    Y 10 < 0.1 < 0.1 
    Sc 6.0 < 0.1 < 0.1 
232
Th 44 < 0.4 21 TREE+Y 6146 bdl 2.1 
238
U 17 4.6 < 1.2 LREE 5969 bdl 2.1 
    MREE 155 bdl bdl 
    HREE 11 bdl bdl 
bdl – Below detection limit. 
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The concentration of 
232
Th in the chloride leach liquor was found to be 47 Bq L
-1
 using 
alpha spectrometry. This was in excellent agreement with the ICP-MS result for 
232
Th, 
which was 44 Bq L
-1
. Thorium-228 and 
230
Th were not measured by another technique; 
however, the concentrations of these radionuclides in the chloride leach liquor were found 
to be 55 and 18 Bq L
-1
, respectively. These results are expected to be reasonably accurate, 
given that the method was in good agreement with the ICP results for 
232
Th. More than 
99.9% of the TREE+Y were removed from the thorium fraction, using the alternative 
radiochemical separation scheme. Although the 
229
Th tracer recovery was only 30%, this 
was a significant improvement on previous results (around ten percent in 
rare earth-containing samples from the bastnasite study) and further gains might be made 
by eliminating the remaining REE. 
 Analysis of a Monazite Process Sample  5.4.4.2
The rare earth chloride liquor obtained from the selective hydrochloric acid leaching of the 
rare earth and thorium-containing hydroxide residue at pH 3.2 described in Chapter Two 
was analysed using the alternative radiochemical scheme. The liquor was converted to 
5.7 M nitric acid and a 20 mL aliquot of this feed was used for the analysis. An aliquot of 
both the purified uranium and thorium liquors, prior to electrodeposition onto stainless 
steel discs, was taken and assayed. 
The average elemental concentrations in the feed and the purified uranium and thorium 
liquors were analysed using ICP-MS and ICP-OES and are given in Table 5.15. The 
concentrations of the TREE+Y and impurity elements (such as iron) were all below 
detection limit in the uranium sample. The concentration of impurity elements, MREE and 
HREE in the thorium fraction were also below detection limit. However, the thorium 
sample contained 26 mg L
-1 
of the LREE and 1.5 mg L
-1
 of phosphorus. 
The electrodeposited uranium and thorium sources were counted by alpha spectrometry 
and the average results for the uranium and thorium isotopes are given in Table 5.16. 
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Table 5.15: Elemental concentrations in the monazite rare earth chloride liquor and the purified uranium and thorium liquors. 
Element 
Concentration 
(elemental: mg L
-1
; U-238 and Th-232: Bq L
-1
 Element 
Concentration (mg L
-1
) 
Feed Uranium Thorium Feed Uranium Thorium 
Al < 1 < 1 < 1 La 9388 < 0.1 5.7 
Ca 605 < 1 < 1 Ce 18622 < 0.1 15 
Fe < 1 < 1 < 1 Pr 1903 < 0.1 1.5 
P 10 < 1 1.5 Nd 7011 < 0.1 3.2 
Pb 38 < 0.1 < 0.1 Sm 979 < 0.1 0.1 
Si < 5 < 5 < 5 Eu 25 < 0.1 < 0.1 
Th 3.9 < 0.1 2.4 Gd 562 < 0.1 < 0.1 
Ti < 5 < 1 < 1 Tb 54 < 0.1 < 0.1 
U 13 0.91 < 0.1 Dy 179 < 0.1 < 0.1 
Zr 5.6 < 1 < 1 Ho 15 < 0.1 < 0.1 
    Er 33 < 0.1 < 0.1 
    Tm 2 < 0.1 < 0.1 
    Yb 15 < 0.1 < 0.1 
    Lu 2 < 0.1 < 0.1 
    Y 498 < 0.1 < 0.1 
    Sc < 1 < 0.1 < 0.1 
232
Th 16 < 0.4 9.7 TREE+Y 39291 bdl 26 
238
U 166 11 < 1.2 LREE 36925 bdl 26 
    MREE 1566 bdl 0.1 
    HREE 799 bdl bdl 
bdl – Below detection limit. 
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Table 5.16: Radionuclide concentrations in the monazite rare earth chloride liquor. 
Radionuclide 
ICP-MS 
Bq L
-1 
Alpha Spectrometry 
Bq L
-1 
U-238 166 ± 17 167 ± 17 
U-235* 7.7 ± 0.8 7.7 ± 0.8 
Th-232 16 ± 2 ** 
Th-228 - ** 
Th-230 - ** 
* Calculated from the measured 238U concentration. 
** No result. Th-228 saturation. 
The concentrations of 
238
U and 
235
U in the rare earth chloride
 
leach liquor were 166 and 
7.7 Bq L
-1
, respectively. This was in excellent agreement with the results obtained by 
ICP-MS, which were 167 and 7.7 Bq L
-1
, respectively. In addition, the average uranium 
recovery using the alternative radiochemical separation scheme was around 80%. 
Unfortunately, the monazite rare earth chloride leach liquor that was used in the analysis 
was two years old and contained an estimated 30,000 Bq L
-1
 of 
228
Th due to ingrowth from 
its parent, 
228
Ra. When the thorium source was alpha counted, the major peak observed 
was that of 
228
Th. The intensity was so great that the other thorium peaks, 
232
Th, 
230
Th and 
the 
229
Th tracer (at a concentration of 16 Bq L
-1
, based on the measured ICP-MS 
232
Th 
concentration), were swamped and therefore, quantification was not possible. In addition, 
the concentration of 
227
Th in the rare earth chloride liquor was also high (410 Bq L
-1
) due 
to ingrowth from its parent, 
227
Ac. Although it would have been better to carry out the 
investigation with fresh rare earth chloride liquor, the aged solution was on-hand in the 
author’s laboratory at the time the experiment was performed. 
A thin film was still evident on the thorium electrodeposited source. Despite this, there 
were two significant improvements observed in the thorium analysis. First, the rejection of 
REE improved from an average of two percent of the LREE eluted with the thorium 
ion exchange in the current radionuclide separation scheme
1
 (see Section 5.4.1) to less than 
0.1% of the TREE+Y that were present in the monazite rare earth chloride leach liquor 
feed using the alternative radionuclide separation scheme. Secondly, the thorium recovery 
for the alternative separation scheme, based on the measured 
232
Th concentration, was 
approximately 30%. This is a significant improvement from the recoveries obtained in the 
monazite study (Chapter Two), which were less than one percent. 
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5.5 Summary and Concluding Remarks 
During the radionuclide deportment studies described in Chapters Two and Four it was 
found that the analysis of radionuclides such as 
230
Th and 
210
Pb was compromised due to 
inadequate separation from matrix elements using the current radiochemical separation 
scheme.
1
 In particular, the method resulted in inadequate separation of the REE from 
thorium isotopes (
230
Th determination) and of thorium from lead (
210
Pb determination).  
The development of an alternative, sequential radiochemical separation scheme for 
uranium, thorium, polonium and lead from a high REE matrix was investigated. Although 
it was not feasible to develop an entire scheme within the time-frame of the present study, 
an alternative radiochemical separation method for thorium and uranium isotopes was 
successfully developed. This alternative radiochemical separation scheme provides more 
than 99.9% separation of thorium and uranium from various other elements including the 
TREE+Y (6–40 g L-1) and lead. However, some further purification of the final thorium 
liquor generated by the alternative route proposed in the present study is still required, due 
to some residual REE being present in the liquor prior to electrodeposition. 
A bastnasite and a monazite process sample were analysed by the alternative 
radiochemical separation scheme. Uranium and thorium results were found to be in 
excellent agreement with values obtained for these samples by ICP-MS. Uranium recovery 
was 80% in the alternative radiochemical separation scheme. Thorium recovery was only 
approximately 30%, but this is significantly higher than using the current radiochemical 
separation scheme
1
 for which recoveries were less than one percent in the monazite study 
presented in Chapter Two and ten percent in the bastnasite study presented in 
Chapter Four. 
To the author’s best knowledge, this is the only example of a radionuclide separation 
scheme which has been developed specifically for the separation of thorium and uranium 
from samples containing high concentrations of the REE. In addition, information about 
the extraction of polonium and lead from high REE matrices was obtained for the 
first time, and the ion exchange behaviour of higher (up to 1 g L
-1
) concentrations of the 
REE with the cation-exchange resins, AG50W-X4 and AG50W-X12 was also obtained. 
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There is large scope for future work in the above area. For example, the project may be 
expanded to include a separation scheme for the remaining naturally occurring 
radionuclides. Many other solvents, resins and possibly even selective 
precipitation/dissolution separation techniques might also be explored for possible 
application as part of an alternative radiochemical separation scheme for the various 
naturally occurring radionuclides from the REE. 
Nevertheless, the alternative scheme developed in the present study represents an 
improved method for the analysis of thorium and uranium isotopes that appears suitable 
for the characterisation of materials containing thorium and uranium radionuclides in high 
REE matrices. Further, the method shows potential utility for use in radionuclide 
deportment studies in the future both in industry and academia. 
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Chapter 6: Summary & Concluding Remarks 
The preceding chapters of this thesis described an investigation into the deportment of 
naturally occurring radionuclides during the chemical processing of monazite and 
bastnasite. In addition, a new radiochemical separation procedure was investigated for the 
extraction of uranium, thorium, polonium and lead. 
Radionuclide Deportment in Monazite Processing 
The initial study of the thesis focussed on examining radionuclide deportment in the 
extraction of REE from monazite by caustic conversion, which is a conventional process 
used routinely in industry. The monazite was treated using a strong caustic solution and 
then the rare earth hydroxide residue was leached with hydrochloric acid to produce a 
rare earth chloride liquor. Radium and lead were precipitated from this liquor. The results 
presented in this study, to the author’s best knowledge, represent the first reported example 
of the deportment of all radionuclides in the 
238
U and 
235
U decay chains.  
During the investigation, the deportment of uranium decay progeny, including 
231
Pa and 
227
Ac, was elucidated for the first time and the deportment of 
230
Th and 
226
Ra was 
compared with that of 
228
Th and 
228
Ra in the 
232
Th decay chain, for which the deportment 
is well known. Most of the radionuclides were found to report to the rare earth hydroxide 
residue after caustic conversion, with the exception of 
238
U, 
235
U and 
210
Pb. Selective 
leaching of the rare earth hydroxide residue with hydrochloric acid at pH 3.2 resulted in 
dissolution of the REE, with much of the radioactivity remaining with thorium in the 
hydrochloric acid leach residue or thorium concentrate. The radionuclides present at high 
concentrations in the rare earth chloride liquor before radioactive impurity removal were 
228
Ra, 
226
Ra, 
210
Pb, 
231
Pa and 
227
Ac, while 
210
Po was a minor contaminant. Although 
radium, 
210
Pb, 
231
Pa and 
210
Po were largely removed by co-precipitation with 
barium sulfate and lead sulfide precipitation, 
227
Ac remained in the rare earth chloride 
liquor at a concentration of 410 Bq L
-1
. Further work would need to be undertaken to 
investigate how the 
227
Ac could be reduced to ensure the quality of any final product. The 
study also highlighted how radioactivity can concentrate in chemical processing streams, 
despite the concentrations of radionuclides in the feedstock being relatively low.  
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Overall, the results obtained in this study enabled full characterisation of the radioactivity 
content in the various waste and product streams from the caustic conversion process. The 
data is of particular importance, both currently and in the future, for potential producers of 
REE using monazite as the feedstock, and will be significant in terms of meeting product 
quality and WHS standards and regulatory requirements. 
Alternative Route for Bastnasite Ore Processing 
In a second investigation, an alternative hydrochloric acid leaching route was developed 
for recovering the REE from a low-grade bastnasite-containing ore. Direct leaching of 
bastnasite ore in a single-stage and by a two-stage counter-current leaching approach was 
investigated. Information about the leaching behaviour of certain gangue minerals, 
including quartz, baryte, hematite and goethite in hydrochloric acid was obtained which 
may assist in the future development of a model in which acid consumption of similar ores 
may be predicted based on their mineralogical and elemental composition. Optimisation 
studies revealed that goethite was more soluble and consumed more acid than hematite. 
Up to 53% of acid addition in the single-stage leaches was consumed by iron and up to 
41% of the acid added remained in the leach liquor as free hydrochloric acid. These results 
indicate that significant benefits can be obtained with respect to reduction in acid 
consumption by any rejection of goethite prior to leaching. Alternatively, a two-stage 
counter-current leaching approach may be used to consume the free hydrochloric acid. 
Two-stage counter-current leaching of the low-grade bastnasite ore was found to be very 
successful at reducing overall acid consumption and lowering the final free acidity in the 
chloride leach liquor. Acid consumption in the two-stage leach was decreased by 25% 
compared with single-stage leaching of the same ore, while rare earth extractions were 
maintained or improved. 
Rare earth oxalate precipitation from the chloride leach liquor was conducted which 
selectively recovered the REE from impurity elements. As well as determining the 
optimum stoichiometric addition of sodium oxalate required during these investigations, 
quantitative results for the oxalate precipitation of REE and impurity elements from a 
rare earth chloride liquor were obtained. Solid sodium oxalate (120% stoichiometric) was 
added to the chloride liquor (approximately 0.4 M free hydrochloric acid) to precipitate the 
REE at 50 °C. More than 90% of the LREE and 61% of the MREE were precipitated after 
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two hours. Rare earth oxalate precipitation was successfully applied to the selective 
recovery of REE from a solution containing large amounts of impurity elements that 
include iron, aluminium, calcium, manganese, titanium, zinc and barium. Finally, the 
conversion of the oxalate precipitate to a hydroxide by metathesis and 
mild hydrochloric acid leaching of the rare earth hydroxide was conducted. At the end of 
this process, a rare earth chloride leach liquor potentially suitable for use as a feed for 
individual rare earth separation by solvent extraction was successfully generated. 
Radionuclide Deportment in an Alternative Route for Bastnasite Processing 
In a subsequent study, the deportment of both thorium and uranium decay chain 
radionuclides during a two-stage counter-current hydrochloric acid leach and 
rare earth oxalate precipitation was investigated. To the best of the author’s knowledge, the 
results obtained in this study represent the first time in which the deportment of all 
radionuclides in the 
238
U and 
235
U decay chains has been reported during the direct 
hydrochloric acid leaching of a bastnasite-containing ore, and during the precipitation of a 
rare earth oxalate from a chloride leach liquor. The results showed that hydrochloric acid 
leaching of the bastnasite ore resulted in the extraction of significant quantities of 
radionuclides into the chloride leach liquor.  
During the development of the alternative processing route for bastnasite ore, 
oxalate precipitation was found to be very selective for the REE, rejecting significant 
amounts of elemental impurities including iron and aluminium. However, rejection of 
radioactivity was seen to be less significant and radioactive impurities were generally 
found to precipitate with the rare earth oxalates. More than 98% of 
232
Th and its decay 
chain progeny, 
228
Ra and 
228
Th, and 94% of 
230
Th and 
226
Ra from the 
238
U decay chain, 
reported to the rare earth oxalate precipitate. In addition, some of the 
210
Pb, 
210
Po and 
227
Ac 
present also precipitated with the REE while more than 85% of 
238
U and 
235
U was rejected 
by the oxalate precipitation. 
The results of the radionuclide deportment study on the two-stage hydrochloric acid 
leaching of bastnasite ore followed by rare earth oxalate precipitation were also compared 
with those from the monazite radionuclide deportment study. In monazite processing, 
selective hydrochloric acid leaching of the hydroxide residue separated thorium from the 
REE and therefore removed a large amount of radioactivity from the REE at an early 
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stage. In the alternate bastnasite process, however, a significant amount of radioactivity 
was reported to the hydrochloric acid leach liquor. Although oxalate precipitation was 
effectively used to selectively recover the REE from solutions containing impurities such 
as iron and aluminium, the majority of thorium and uranium decay chain radionuclides 
precipitated with the REE. As a consequence, radionuclide behaviour in the subsequent 
processing steps (caustic conversion of the oxalate residue followed by hydrochloric acid 
leaching at pH 1.0) will need to be closely monitored. Further optimisation will be 
required to separate the REE from the radioactive impurities from the final rare earth 
chloride liquor, possibly using radium and lead precipitation and/or neutralisation 
processes, before proceeding to solvent extraction.  
An Improved Radiochemical Separation Scheme for Thorium and Uranium 
The latter part of this study focussed on the development of an alternative radiochemical 
separation scheme for uranium, thorium, polonium and lead in process samples containing 
high concentrations of the REE. Initially, a number of scoping studies were undertaken to 
investigate the behaviour of uranium, thorium, lead, polonium and the TREE+Y during 
solvent extraction with TBP (diluted in xylene) and ion exchange with the cation-exchange 
resins AG50W-X4 and AG50W-X12.  Information about the extraction of polonium and 
lead from high REE matrices with TBP in xylene was obtained for the first time. In 
addition, information about the ion exchange behaviour of higher (up to 1 g L
-1
) 
concentrations of the REE with AG50W-X4 and AG50W-X12 was also obtained.  
Nevertheless, preliminary studies indicated that it was not possible to develop an entire 
radiochemical separation scheme in the time-frame of the project. Instead, an alternative 
radiochemical separation method specifically for thorium and uranium isotopes was 
successfully developed. To the author’s best knowledge, this is the only example of a 
radionuclide separation scheme which has been developed specifically for the separation 
of thorium and uranium from samples containing high concentrations of the REE. More 
than 99.9% separation of thorium and uranium from various other elements including the 
TREE+Y (6 to 40 g L
-1
) and lead was obtained using this method.  
Uranium and thorium results obtained for monazite and bastnasite samples analysed by the 
alternative radiochemical separation scheme were found to be in excellent agreement with 
values obtained by ICP-MS. Recoveries for the uranium process were found to be 80%. 
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Thorium recoveries were 30%, but substantially improved on thorium recoveries from 
rare earth-containing samples in the monazite (less than five percent) and bastnasite 
(ten percent) studies using the existing radiochemical separation scheme. 
However, there is very large scope for future work in the above area. By systematically 
varying solvents, ion exchange resins and selective precipitation and/or dissolution, the 
alternative radiochemical separation scheme developed here may be expanded to include 
the selective recovery of other naturally occurring radionuclides. Nevertheless, the above 
method shows potential utility for use in radionuclide deportment studies in the future both 
in industry and academia. 
In conclusion, the REE are important metals for which demand has continued to grow 
rapidly since their first application in 1891. Despite their association with natural 
radioactivity, little information on radionuclide deportment during chemical processing has 
been reported in the literature to date. This thesis has elucidated the deportment behaviour 
of radionuclides during the chemical processing of the two most important rare earth 
minerals: monazite and bastnasite, for both a commercially-used and alternative processing 
route. As demand for the REE continues to grow and the number of rare earth producers 
increases, the data will undoubtedly be of particular significance to the rare earth industry 
and will assist producers in meeting product quality and WHS standards. In addition, the 
sequential radiochemical separation procedure developed in thesis may be utilised for 
future radionuclide deportment investigations in both academia and industry, wherever the 
radioactivity is associated with large amounts of REE. 
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1.1 Acid Treatment of Monazite and Bastnasite 
Table 1.1: Summary of conditions used for the decomposition of monazite with sulfuric acid. 
Acid Reaction Type 
Acid Addition 
(tonnes/tonne monazite) 
Temperature  
(°C) 
Time  
(h) 
Comments Reference(s) 
H2SO4 digest/water leach 2–3 200–230 
up to 8 h 
good decomposition of monazite, 
lower temperature (160 °C) and 
H2SO4 addition 
(1.5 tonnes/tonne monazite) also 
employed 
18, 22-27 
 acid leach – – – 28 
 bake/water leach 1.2 260–350 
lower acid addition as reaction is 
not stirred 
30, 31, 33 
 cure/water leach 1.4 – 
lower acid addition as reaction is 
not stirred 
36 
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Table 1.2: Summary of conditions used for the decomposition of bastnasite with sulfuric acid. 
Reagent Bastnasite Type Reaction Type 
Reagent Addition 
(tonnes/tonne 
bastnasite) 
Temperature 
(°C) 
Time 
(h) 
Comments Reference(s) 
H2SO4 
Baotou 
concentrate, 
Turkish 
pre-concentrate 
bake 
~ 0.9 tonnes/tonne 
ore for pre-
concentrate [138] 
200–500 – good decomposition 
3, 129–131, 133, 
137, 138 
 Turkish ore cure ~0.8 200  90% REE recovery 133, 137 
 
Molycorp 
concentrate 
digest 1.3 480 4 
exothermic reaction, controlled acid 
addition rate and temperature 
increased after frothing ceased 
134, 135, 136 
 
Peak Resources 
concentrate, 
Molycorp ore 
leach ~ 1.5 
ambient–
150 °C 
3–4 REE recoveries > 50% 133, 137, 139–141  
 
bastnasite 
concentrate 
air roast/ H2SO4 
leach 
– – – – 144, 145, 155 
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Table 1.3: : Summary of conditions used for the decomposition of bastnasite with hydrochloric acid. 
Reagent Bastnasite Type Reaction Type 
Reagent Addition 
(tonnes/tonne 
bastnasite) 
Temperature 
(°C) 
Time  
(h) 
Comments Reference(s) 
HCl 
Molycorp 
concentrate, 
bastnasite 
air roast/ 
HCl leach 
0.25–0.5 by Grace 
and Co. (154) 
– – 
original Molycorp process, 
 roasted concentrate pre-leached 
with dilute HCl,  
high rejection of Ce, investigated in 
China, 
air roast up to 600 °C 
3, 135, 142, 145, 
147 
 
unspecified 
concentrate 
direct HCl 
leach 
equal weight of 
concentrated HCl 
– 6–8 
employed by Thorium Limited 
(UK) until January 1976, unknown 
REE recovery  
148 
 
Molycorp 
concentrate 
direct HCl 
leach 
1.8 90 4 
acid losses encountered, but high 
temperature necessary for mineral 
decomposition, 93% REE 
extraction, remaining REE believed 
to form insoluble fluorides 
149 
 
Baotou 
concentrate 
direct HCl 
leach 
3.2 90 1.5 
complete decomposition,  
~58% REE recovery 
150 
 
Baotou 
concentrate 
direct HCl 
leach 
4.4 85 1.5 
addition of aluminium to complex 
fluoride during leaching 
151 
 
Turkish 
bastnasite ore 
direct HCl 
leach 
0.6 – 3 
65% REE recovery, despite addition 
of more than five time 
stoichiometric requirement of HCl 
133 
 
Turkish 
pre-concentrate 
direct HCl 
leach/ 
step-wise leach 
– 55 3 
> 80% REE recovery, 
2.5 M hydrochloric acid at a liquid 
to solid ratio of 20:1. REE recovery 
increased to 90% for same acid 
consumption using step-wise 
leaching 
 
152 
A.5 
Table 1.4: : Summary of conditions used for the decomposition of bastnasite with nitric acid. 
Reagent Bastnasite Type Reaction Type 
Reagent Addition 
(tonnes/tonne 
bastnasite) 
Temperature 
(°C) 
Time 
 (h) 
Comments Reference(s) 
HNO3 bastnasite ore 
direct HNO3 
leach 
1.2 ambient 3 
leach recoveries < 76%, despite 
using ten times stoichiometric 
requirement nitric acid 
133 
 
Mountain Pass 
bastnasite ore 
air roast/ 
HNO3 leach 
2.2 – 1 
calcine at 800–900 °C,  
> 99% REE recovery 
156 
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1.2 Caustic Treatment of Monazite and Bastnasite 
Table 1.5: Summary of caustic treatment routes used for the decomposition of monazite. 
Reagent Reaction Type Addition Type 
Reagent 
Concentration 
Reagent Addition 
(reagent:sand  
wt ratio) 
Temperature 
(°C) 
Time 
 (h) 
Comments Reference(s) 
NaOH 
atmospheric 
caustic conversion 
solution 50 – 70% 2:1 200 up to 4 
good decomposition of 
monazite, employed in 
industry by IREL 
64, 65, 68–
75, 81 
 
atmospheric 
caustic leach 
solution 
40% to 
concentrated 
1:1–2:1 140–200 1–3 
decomposition increases 
with decreasing monazite 
particle size, better 
solubilisation of caustic 
leaching products at lower 
temperature, 
63, 65, 76–
80, 83 
 
autoclave 
caustic conversion 
 
solution – 1.1–1.5:1 140–200 several 
higher pressure in 
autoclave may decrease 
caustic requirement 
68, 84, 86, 
87 
 
mechanochemical 
decomposition 
solution 50 – 140–175 2 
decreased caustic 
consumption by ~50% 
68, 75, 85, 
90 
 solution /solid 
leach residue 
with 65% 
NaOH 
– – – 89 
 fusion solid – – > 400 – 
high temperatures leading 
to refractory products and 
high caustic consumption 
75, 80, 87, 
92 
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Table 1.6: Summary of caustic treatment routes used for the decomposition of bastnasite. 
Reagent 
Bastnasite 
Type 
Reaction Type 
Addition 
Type 
Reagent 
Concentration 
Reagent Addition 
(reagent:bastnasite 
wt ratio) 
Temperature 
(°C) 
Time 
(h) 
Comments Reference(s) 
NaOH 
Molycorp 
Concentrate 
caustic leaching/ 
HCl Leach 
– – – – – 
minimises solid 
waste production, 
and separates 
fluoride as sodium 
fluoride, 
preventing HF 
formation 
129 
 
Molycorp 
Concentrate 
Fusion/HCl Leach molten – 
five tonnes NaOH/ton
ne bastnasite 
350 0.2 
> 90% 
decomposition. 
rejection of Ce(IV) 
157 
 
Bastnasite 
Concentrate 
non-thermal 
mechanochemical 
decomposition 
solid – 
0.7 tonnes 
NaOH/tonne 
bastnasite 
ambient 2 
~70% 
decomposition 
after 1 h,  
mild (water) leach 
of by-products 
(Na2CO3 and NaF) 
158 
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1.3 References 
Reference numbers refer to the reference list in Chapter One. 
A.9 
 
 
 
 
 
 
Appendix 2: Nuclear Decay Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A.10 
2.1 Decay Mechanisms 
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228
Ra (5.75 y) 

240
Pu (6537 y) 
244
Cm (18.11 y) 

236
U (2.3415E7 y) 
232
Th (1.405E10 y) 


228
Ac (6.13 h) 
- - 
- 
240
Np (65 m) 
240
Np (7.4 m) 


- 99.887% 
- 
232
U (71.7 y) 
236
Pu (2.851 y) 

228
Th (1.9131 y) 

220
Rn (55.6 s) 
216
Po (0.15 s) 


212
Pb (10.64 h) 
224
Ra (3.66 d) 


252
Cf (2.638 y) 
248
Cm (3.395E5 y) 
240
U (14.1 h) 
244
Pu (8.26E7 y) 





212
Po (3.05E-7 s) 212Bi (60.55 m) 
208
Pb (stable) 

- 
- 
 64.07% 
208
Tl (3.07 m) 

- 
THORIUM SERIES DECAY CHAIN 
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URANIUM SERIES DECAY CHAIN 
246
Cm (4730 y) 
242
Pu (3.87E5 y) 
234
Th (24.10 d) 
238
U (4.468E9 y) 



242
Am (16.02 h) 
242
Am (152 y) 




+ 
17.3% 
- 
 82.7% 
210
Po (138.378 d) 210Pb (22.3 y) 
214
Po (1.637E-4 s) 214Bi (19.9 m) 
206
Pb (stable) 
210
Bi (5.012 d) 


- - 
- 
- 
 99.979% 
234
U (2.445E5 y) 
238
Pu (87.75 y) 
242
Cm (163.2 d) 


230
Th (7.7E4 y) 
226
Ra (1600 y) 
222
Rn (3.8235 d) 
218
Po (3.05 m) 




214
Pb (26.8 m) 


238
Np (2.117 d) 
- 
- 
234
Pa (6.70 h) 
234
Pa (1.17 m) 
- 
- 99.87% 

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
ACTINIUM SERIES DECAY CHAIN 

231
Pa (3.248E4 y) 
- 
  98.62% 
227
Ac (21.773 y) 
223
Fr (21.8 m) 

- 
  99.994% 
211
Bi (2.13 m) 
211
Po (0.56 s) 
207
Pb (stable) 

- 
  0.28% 
207
Tl (4.77 m) 

- 
- 
227
Th (18.718 d) 
219
Rn (3.96 s) 


223
Ra (11.434 d) 

215
Po (1.780E-3 s) 
211
Pb (36.1 m) 

243
Am (7380 y) 
EC 
   0.24% 
239
Np (2.355 d) 
- 

247
Cm (1.56E7 y) 
243
Pu (4.956 h) 
- 

243
Cm (28.5 y) 
239
Pu (2.439E4 y) 
- 

235
U (7.1E8 y) 
231
Th (25.52 h) 


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Table 2.1: Concentration of 
232
Th, 
238
U and 
235
U decay chain radionuclides for 1 Bq g
-1
 of thorium or uranium in secular equilibrium. 
Th-232 Decay Chain U-238 Decay Chain U-235 Decay Chain 
Nuclide 
Concentration 
(ppm) 
Nuclide 
Concentration  
(ppm) 
Nuclide 
Concentration  
(ppm) 
Th-232 2.48 x 10
2
 U-238 8.07 x 10
1 
U-235 5.85 x 10
-1 
Ra-228 9.96 x 10
-8
 Th-234 1.17 x 10
-9 
Th-231 2.36 x 10
-12 
Ac-228 1.21 x 10
-11
 Pa-234m 3.95 x 10
-14
 Pa-231 2.63 x 10
-5
 
Th-228 3.31 x 10
-8
 Pa-234 1.77 x 10
-14
 Ac-227 1.73 x 10
-8
 
Ra-224 1.70 x 10
-10
 U-234 4.46 x 10
-3
 Th-227 4.02 x 10
-11
 
Rn-220 2.94 x 10
-14
 Th-230 1.34 x 10
-3
 Fr-223 4.47 x 10
-16
 
Po-216 7.80 x 10
-17
 Ra-226 2.75 x 10
-5
 Ra-223 2.45 x 10
-11
 
Pb-212 1.95 x 10
-11
 Rn-222 1.76 x 10
-10
 Rn-219 9.63 x 10
-17
 
Bi-212 1.85 x 10
-12
 Po-218 9.60 x 10
-14
 Po-215 4.25 x 10
-20
 
Po-212 9.97 x 10
-23 
Pb-214 8.28 x 10
-13
 Pb-211 5.07 x 10
-14
 
Tl-208 3.31 x 10
-14 
Bi-214 6.15 x 10
-13
 Bi-211 2.99 x 10
-15
 
  Po-214 8.43 x 10
-20 
Po-211 3.67 x 10
-20 
  Pb-210 3.56 x 10
-7
 Tl-207 6.56 x 10
-15
 
  Bi-210 2.19 x 10
-10
   
  Po-210 6.04 x 10
-9
   
 
A.14 
2.2 Alpha, Beta and Gamma Decay Energies and Intensities 
The alpha, beta and gamma decay energies and intensities for radionuclides from the 
232
Th, 
238
U, 
235
U decay chains are given below. The alpha decay energies and intensities of 
radionuclides from the 
232
U and 
229
Th decay chains are also presented in this section. For 
radionuclides containing multiple peaks per mode of decay, only the energies of the five 
most intense decays are listed. 
2.2.1 Alpha Decay Energies and Intensities 
Table 2.2: Alpha decay energies and intensities for the 
232
Th decay series. 
Radionuclide Half-life Energy Intensity 
  (keV) (%) 
Th-232 14.05 billion years 3830 0.20 
  3953 23 
  4010 77 
Th-228 1.9131 years 5175 0.18 
  5212 0.36 
  5340.54 26.70 
  5423.33 72.7 
Ra-224 3.66 days 5449 4.9 
  5685.56 95.1 
Rn-220 55.6 seconds 6288.29 99.930 
Po-216 0.15 seconds 6778.5 99.9979 
Bi-212 60.55 minutes 5607.1 0.4024 
  5768.1 0.600 
  6050.77 25.22 
  6090.06 9.63 
Po-212 305 nanoseconds 8784.8 100 
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Table 2.3: Alpha decay energies and intensities for the 
238
U decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
U-238 4.468 billion years 4042 0.23 
  4150 23 
  4200 77 
U-234 244 500 years 4604.7 0.24 
  4723.4 27.4 
  4775.8 72.4 
Th-230 77 000 years 4473 0.15 
  4617.5 23.4 
  4684.0 76.3 
Ra-226 1600 years 4601.9 5.55 
  4784.50 94.45 
Rn-222 3.8235 days 5489.7 99.920 
Po-218 3.05 minutes 6002.55 99.9789 
Po-214 163.7 microseconds 7687.09 99.986 
Po-210 138.378 days 5306.48 99.998930 
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Table 2.4: Alpha decay energies and intensities for the 
235
U decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
U-235 710 million years 4209 5.7 
  4322 4.7 
  4392 54 
  4555 4.5 
  4597 5.4 
Pa-231 32 480 years 4736.0 8.4 
  4950 22.8 
  5011.0 25.4 
  5028 20 
  5057.3 11 
Ac-227 21.773 years 4938.1 0.52 
  4950.5 0.65 
Th-227 18.718 days 5709.0 8.2 
  5713.2 4.89 
  5757.06 20.3 
  5977.92 23.4 
  6038.21 24.5 
Ra-223 11.434 days 5433.6 2.27 
  5540.0 9.2 
  5606.9 24.2 
  5716.4 52.5 
  5747.2 9.5 
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Table 2.4: Alpha decay energies and intensities for the 
235
U decay series (continued). 
Radionuclide Half-life Energy Intensity 
  keV % 
Rn-219 3.96 seconds 6424.7 7.5 
  6529 0.12 
  6552.8 12.2 
  6819.3 80.9 
Po-215 1.78 milliseconds 7386.4 99.943770 
Bi-211 2.13 minutes 6277.5 15.96 
  6622.2 83.76 
 
Table 2.5: Alpha decay energies and intensities for the 
232
U decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
U-232 71.7 years 5139.0 0.280 
  5263.54 31.2 
  5320.30 68.6 
Note: 232U is the daughter of 236Pu and decays via the thorium decay series. 
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Table 2.6: Alpha decay energies and intensities for the 
229
Th decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
Th-229 7340 years 4814.0 8.4 
  4844.7 56.2 
  4900.4 10.8 
  4966.9 6.4 
  5050 5.2 
Ac-225 10.0 days 5637.0 4.35 
  5723.0 3.2 
  5790.6 8.6 
  5792.5 18.1 
  5829.0 50.65 
Fr-221 4.8 minutes 5938.0 0.15 
  5979.0 0.48 
  6125.0 15.1 
  6242.0 1.35 
  6339.8 83.4 
At-217 0.0323 seconds 7067.0 99.92 
Bi-213 45.65 minutes 5549 0.16 
  5870 2.00 
Po-213 4.2 microseconds 8377 99.9960 
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2.2.2 Beta Decay Energies and Intensities 
Table 2.7: Beta max emissions for the 
232
Th decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
Ra-228 5.75 years 38.9 100 
Ac-228 6.13 hours 449 2.42 
  491 4.9 
  969 3.4 
  1014 6.6 
  1115 3.5 
Pb-212 10.64 hours 158 5.22 
  334 85.0 
  573 9.9 
Bi-212 60.55 minutes 440 1.19 
  625 3.44 
  733 2.65 
  1519 7.9 
  2246 48.4 
Tl-208 3.07 minutes 1031 3.12 
  1073 0.58 
  1284 22.9 
  1517 22.1 
  1795 51.0 
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Table 2.8: Beta max emissions for the 
238
U decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
Th-234 24.10 days 80.3 3.8 
  89.7 0.49 
  100.3 5.5 
  100.7 17.6 
  193.1 72.5 
Pa-234m 1.17 minutes 2277 98.66 
Pa-234 6.70 hours 485 11 
  486 27 
  514 8.8 
  656 16 
  1138 10 
Pb-214 26.8 minutes 185 2.54 
  490 0.83 
  672 48.3 
  729 42.4 
  1024 6.3 
Bi-214 19.9 minutes 1423 8.34 
  1505 18.1 
  1540 17.9 
  1892 7.57 
  3270 17.4 
Pb-210 22.3 years 16.5 80 
  63.0 20 
Bi-210 5.012 days 1161.5 99.999870 
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Table 2.9: Beta max emissions for the 
235
U decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
Th-231 25.52 hours 143 2.6 
  206 16.1 
  216 2.4 
  306 78 
  312 0.46 
Ac-227 21.773 years 19.2 10 
  34.4 35 
  43.7 54 
Fr-223 21.8 minutes 778 1.66 
  913 12.2 
  1017 4.2 
  1068 16.1 
  1097 64 
Pb-211 36.1 minutes 264 0.56 
  541 4.8 
  607 0.22 
  968 1.4 
  1373 93.0 
Bi-211 2.13 minutes 579 0.280 
Tl-207 4.77 minutes 524 0.25 
  1422 99.75 
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2.2.3 Gamma Decay Energies and Intensities 
Table 2.10: Gamma decay energies and intensities for the 
232
Th decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
Th-232 14.05 billion years 59.0 0.19 
Ac-228 6.13 hours 338.4 11.5 
  794.8 4.6 
  911.07 27.8 
  964.6 5.2 
  968.9 16.7 
Th-228 1.9131 years 84.40 1.2 
  131.62 0.114 
  215.94 0.278 
Ra-224 3.66 days 241.00 3.9 
Rn-220 55.6 seconds 549.7 0.10 
Pb-212 10.64 hours 115.175 0.602 
  238.626 44.6 
  300.090 3.41 
Bi-212 60.55 minutes 39.857 1.088 
  727.17 11.8 
  785.42 1.99 
  1078.62 0.97 
  1620.56 2.75 
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Table 2.10: Gamma decay energies and intensities for the 
232
Th decay series (continued). 
Radionuclide Half-life Energy Intensity 
  keV % 
Tl-208 3.07 minutes 277.35 6.8 
  510.80 21.6 
  583.14 85.8 
  763.13 1.64 
  860.37 12.0 
 
A.24 
Table 2.11: Gamma decay energies and intensities for the 
238
U decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
Th-234 24.10 days 63.2820 3.9 
  92.367 2.57 
  92.792 3.0 
  112.81 0.249 
Pa-234m 1.17 minutes 766.358 0.207 
  1001.025 0.58923 
Pa-234 6.70 hours 131.28 20 
  569.26 10.4 
  733.0 8.5 
  883.24 12 
  946.00 20 
U-234 244 500 years 53.220 0.118 
Th-230 77 000 years 67.8 0.38 
Ra-226 1600 years 185.99 3.28 
Pb-214 26.8 minutes 53.226 1.10 
  241.91 7.47 
  295.170 19.2 
  351.90 37.1 
  785.910 1.09 
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Table 2.11: Gamma decay energies and intensities for the 
238
U decay series (continued). 
Radionuclide Half-life Energy Intensity 
  keV % 
Bi-214 19.9 minutes 609.318 46.1 
  1120.276 15.0 
  1238.11 5.92 
  1764.51 15.9 
  2204.12 4.99 
Pb-210 22.3 years 46.500 4.05 
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Table 2.12: Gamma decay energies and intensities for the 
235
U decay series. 
Radionuclide Half-life Energy Intensity 
  keV % 
U-235 710 million years 109.25 1.40 
  143.770 10.5 
  163.360 4.8 
  185.720 54 
  205.310 4.7 
Th-231 25.52 hours 26.640 18.7 
  72.81 0.62 
  81.20 1.01 
  84.240 8.0 
  89.94 1.25 
Pa-231 32 480 years 27.360 9.3 
  283.67 1.60 
  300.08 2.30 
  302.67 2.30 
  330 1.30 
Th-227 18.718 days 50.20 8.5 
  79.77 2.1 
  236.00 11.2 
  256.25 6.8 
  329.82 2.8 
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Table 2.12: Gamma decay energies and intensities for the 
235
U decay series (continued). 
Radionuclide Half-life Energy Intensity 
  keV % 
Fr-223 21.8 minutes 49.88 0.9 
  50.2 36 
  79.77 9.7 
  205.00 1.0 
  234.90 3.6 
Ra-223 11.434 days 144.20 3.26 
  154.19 5.59 
  269.41 13.6 
  323.89 3.90 
  338.32 2.78 
Rn-219 3.96 seconds 130.67 0.125 
  271.23 9.9 
  401.78 6.6 
Pb-211 36.1 minutes 404.84 3.0 
  426.99 1.4 
  704.20 0.33 
  766.34 0.49 
  831.83 2.8 
Bi-211 2.13 minutes 351.00 12.2 
Tl-207 4.77 minutes 897.60 0.24 
2.3 Reference 
Oak Ridge National Laboratory. Nuclear Decay Data for Radionuclides Occurring in 
Routine Releases from Nuclear Fuel Cycle Facilities. Kocher, D.C. (Ed); U.S. Department 
of Commerce: Springfield, 1977; ORNL/NUREG/TM-102. 
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3.1 Monazite Concentrate 
Monazite concentrate used in Chapter Two of this study was sourced from 
Western Australia as a magnetic reject from an induced roll magnetic separation process in 
a zircon cleaning circuit. The sample was supplied by ANSTO as a representative sample 
of a commercially exploitable mineral resource. Heavy mineral had been wet tabled to 
remove coarse trash materials and magnetic fractions were separated using a rare earth roll 
magnetic separator. Finally the sample was passed over an electrostatic separator to isolate 
the non-conducting mineral monazite. Detailed characterisation results of this sample are 
discussed in this chapter. 
3.1.1 Sample Preparation 
Approximately 32 kg of monazite concentrate was received on the 15
th
 May 2012. The 
sample was transported to ANSTO in two lead-lined buckets inside a steel drum and gave 
a radiation dose reading of 28 μSv h-1 on contact and 2 μSv h-1 at one metre. Inside the 
lead lining, the sample gave a radiation dose of 80 μSv h-1. The background radiation dose 
was 0.05 μSv h-1. 
The monazite was prepared for analysis according to the sample preparation program 
shown in Figure 3.1. The ore was blended and riffled and portions then treated as shown. 
 
Figure 3.1: Sample preparation flowsheet for monazite concentrate. 
~ 32 kg 
Sample Received
~ 20 g ~ 120 g
Blended/Riffled
250 - 500 g batches 250 - 500 g batches
XRD/QEMSCAN
DNA/NAA/ICP/XRF/Gamma
Mineralogy Chemical Assay Grindability Tests Sizing (PSD) Tests
(unpulverised) (pulverised)
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3.1.2 Grindability Tests 
Grindability tests were undertaken on 250–500 g portions of monazite concentrate in a 
stainless steel laboratory rod mill (Ø 205 mm x L 250 mm) using 20 steel rods at 66 rpm 
for a given time. Tap water (667 mL) was added to the solid and the slurry 
[43% (w/w) solids] was passed through a 38 μm sieve to separate the oversize (greater 
than 38 μm) and undersize (less than 38 μm) fractions. The oversize solids were dried at 
80 °C overnight and dry screened through a series of standard sieves in a shaker for ten 
minutes. The solid remaining on each sieve was weighed separately. The slurry containing 
the undersize solids was left to settle overnight, decanted and the solids dried overnight at 
80 °C. Particle size distributions (PSD) for the ‘as received’ and ground ores are 
summarised in Table 3.1 and shown in Figure 3.2. 
 
Figure 3.2: PSD curves for unground ‘as received’ monazite and monazite ground for two, 
five, ten and 15 minutes. 
The maximum particle size for the ‘as received’ monazite was 160 μm and the P80 was 
approximately 115 μm. After grinding for 15 minutes, the monazite had a maximum 
particle size of less than 75 μm and a P80 of approximately 33 μm. The ore was also 
ground for two, five and ten minutes to characterise the grindability of the sample.       
Table 3.2 gives a summary of the grindability data obtained. 
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Table 3.1: PSD results for grinding tests. 
Screen 
(μm) 
‘As Received’ Two minute grind Five minute grind Ten minute grind 15 minute grind 
Weight 
(g) 
Weight 
(%) 
Cum. 
% (w/w) 
passing 
Weight 
(g) 
Weight 
(%) 
Cum. 
% (w/w) 
passing 
Weight 
(g) 
Weight 
(%) 
Cum. 
% (w/w) 
passing 
Weight 
(g) 
Weight 
(%) 
Cum. 
% (w/w) 
passing 
Weight 
(g) 
Weight 
(%) 
Cum. 
% (w/w) 
passing 
850 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 
710 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 
600 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 
425 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 
300 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 
212 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 
150 0.8 0.2 99.8 0.2 0.0 100 0.0 0.0 100 0.0 0.0 100 0.0 0.0 100 
106 130.4 26.1 73.8 24.9 5.0 95.0 2.1 0.8 99.2 0.1 0.0 100 0.0 0.0 100 
75 311.6 62.3 11.5 242.0 48.7 46.3 62.9 24.9 74.3 6.5 0.7 99.3 1.0 0.2 99.8 
53 51.9 10.4 1.1 113.0 22.7 23.5 90.6 35.9 38.4 56.8 5.7 93.7 15.3 3.1 96.7 
45 4.2 0.8 0.3 26.7 5.4 18.2 21.5 8.5 29.9 60.0 6.0 87.7 29.5 6.0 90.8 
38 0.9 0.2 0.1 17.5 3.5 14.7 13.8 5.5 24.4 53.2 5.3 82.3 34.4 6.9 83.8 
< 38 0.5 0.1  72.9 14.7  61.6 24.4  822.7 82.3  415.4 83.8  
Total 500.3 100.0  497.2 100.0  252.5 100.0  999.3 100.0  495.6 100.0  
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Table 3.2: Summary of grindability data for the ‘as received’ concentrate. 
 As Received 
Two min 
grind 
Five min 
grind 
Ten min 
grind 
15 min  
grind 
100% passing (μm) 160 150 106 75 75 
P80
 (μm) 115 93 80 35 33 
3.1.3 Mineralogy 
As was mentioned in Chapter Two, QEMSCAN analysis revealed that the sample used in 
this study contained 94% (w/w) monazite of which monazite-Ce was the main type 
[93 (w/w)]. Zircon [4.4% (w/w)] was the most abundant impurity mineral in the 
concentrate. Rutile, gahnite, quartz, zincochromite, iron oxide/hydroxide and clay 
materials (including kaolinite, smectide, chlorite and chloritoid) were also present in trace 
concentrations. Minerals which could not be identified by QEMSCAN are grouped under 
‘Other’. Mineralogical composition of the monazite sample is summarised in Table 3.3. 
Table 3.3: Modal mineralogy of the monazite concentrate. 
Mineral Chemical Formula Concentration [% (w/w)] 
Monazite (Ce, La, Nd, Th) PO4 94 
Zircon ZrSiO4 4.4 
Clay Minerals Al2Si2O5(OH)4 0.4 
Xenotime-Y YPO4 0.2 
Ilmenite FeTiO2 0.2 
Rutile TiO2 0.1 
Gahnite ZnAl2O4 0.1 
Quartz SiO2 0.02 
Zincochromite Zn(Cr,Al)2O4 0.02 
Fe oxide/hydroxide FexOy/FeO(OH) 0.01 
Other – 0.2 
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A comparison is given, in Table 3.4, of the elemental composition of the ‘as received’ 
monazite measured by QEMSCAN and the chemical assay obtained by XRF spectrometry 
or fusion digest/ICP. 
Table 3.4: Comparison of elemental concentrations obtained by QEMSCAN and by 
chemical assay for the ‘as received’ monazite concentrate. 
Element ICP QEMSCAN Element ICP QEMSCAN 
Al 0.25
 
0.2 P 11 11 
Ba < 0.02 < 0.001 Pb 0.2 < 0.001 
Ca 0.7 0.5 Pr 3.1 2.0 
Ce 23 23 Sc 0.01 < 0.001 
Dy 0.2 0.2 Si 1.4 1.0 
Er 0.1 0.1 Sm 1.2 1.0 
Eu 0.04 0.5 Tb 0.1 0.02 
Fe 0.2 0.2 Th 6.0 6.6 
Gd 0.6 0.5 Ti 0.2 0.1 
Ho 0.03 < 0.001 Tm 0.01 < 0.001 
La 15 12 U 0.3 < 0.001 
Lu 0.004 < 0.001 Y 0.8 0.2 
Na
a
 < 0.01 0.001 Yb 0.04 0.004 
Nd 7.9 8.5 Zr 2.3 2.1 
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As can be seen from Table 3.4, there is generally good correlation between elemental 
composite data obtained by QEMSCAN and the data obtained by fusion digest/ICP. For 
some elements (including uranium, titanium and some MREE and HREE) the correlation 
between QEMSCAN and chemical assay data was poor. The QEMSCAN analysis 
involved matching the acquired EDS data from the sample against a database of theoretical 
elemental compositions of various minerals. It is possible that some of the trace elements 
present in the unidentified rare earth-bearing minerals could not be accounted for in the 
theoretical elemental compositions used by the QEMSCAN software. Furthermore exact 
correlation between the chemical assay and the QEMSCAN analysis cannot be expected 
since the sample used for QEMSCAN is not a well pulverised sample but a small coarse 
grain sample. 
3.1.4 Chemical Assays of Particle Size Fractions 
A 700 g sample of ‘as received’ monazite concentrate was sized using a series of screens. 
The five particle size fractions collected were –150+125 μm, –125+106 μm, –106+90 μm,                
–90+75 μm and –75 μm. Elemental analysis of the samples was performed using ICP-OES 
and ICP-MS on nitric acid liquors generated by fusion digestion with lithium borate 
(sodium and zirconium) or sodium peroxide (remainder of elements) followed by 
nitric acid digest. The elemental assay for each fraction is shown in Table 3.5. Errors for 
these results are approximately ± 10%. 
As can be seen from these results, elemental assays of all fractions except in the fines       
(–75 μm) were in close agreement with the assay for the blended ‘as received’ monazite 
concentrate. Impurity elements including, iron, silicon, titanium and zirconium were more 
abundant in the fines fraction. The concentration of the LREE was lower in the fines 
fraction whilst the HREE (usually abundant in xenotime) were significantly higher, again 
suggesting that the –75 μm fraction contained more gangue minerals. 
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Table 3.5: Elemental analysis for the ‘as received’ size fractions. 
a Result obtained by XRF. 
 Element and Concentration [% (w/w)] 
Sample ID Al
a 
Ba Ca Ce Dy Er Eu Fe Gd Ho La Lu Na
a
 Nd 
Concentrate 0.25 < 0.2 0.73 23 0.24 0.05 0.04 0.20 0.60 0.03 15 0.004 < 0.01 7.9 
–150+125 0.22 < 0.2 0.80 25 0.20 0.04 0.03 0.19 0.74 0.02 11 0.003 < 0.01 11 
–125+106 0.18 < 0.2 0.83 24 0.21 0.05 0.03 0.25 0.71 0.02 11 0.003 < 0.01 11 
–106+90 0.24 < 0.2 0.81 24 0.22 0.05 0.03 0.22 0.69 0.03 11 0.004 < 0.01 11 
–90+75 0.26 < 0.2 0.74 23 0.22 0.06 0.03 0.26 0.67 0.03 11 0.004   0.01 10 
–75 0.27 < 0.2 0.73 20 0.22 0.06 0.03 0.33 0.60 0.03 9.9 0.006 < 0.01 8.9 
 
Sample ID P Pb Pr Sc Si Sm Tb Th Ti Tm U Y Yb Zr 
Concentrate 11 0.22 3.1 0.01 1.4 1.2 0.06 6.0 0.21 0.01 0.26 0.81 0.04 2.3 
–150+125 13 0.21 2.1 0.01 1.3 1.3 0.09 5.3 < 0.2 0.003 0.23 0.75 0.02 1.5 
–125+106 13 0.21 2.1 0.01 1.5 1.3 0.07 5.3 < 0.2 0.004 0.24 0.83 0.03 1.8 
–106+90 13 0.21 2.2 0.01 1.5 1.2 0.08 5.4 0.17 0.005 0.24 0.87 0.03 2.3 
–90+75 12 0.21 2.2 0.01 1.9 1.2 0.08 5.5 0.30 0.01 0.24 0.92 0.03 2.5 
–75 11 0.20 2.1 0.02 3.1 1.0 0.06 4.8 0.55 0.01 0.22 0.91 0.04 6.9 
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QEMSCAN analysis confirmed the results of ICP and showed that monazite content was 
lower in the –75 μm fraction [77% (w/w)] than in the –150+125 μm [94% (w/w)] size 
fraction and the ‘as received’ concentrate [94% (w/w)], whilst the concentration of all of 
the impurities was significantly higher. The concentration of zircon increased from 
4.4% (w/w) in the blended ‘as received’ concentrate to 21% (w/w) in the fines. Modal 
mineralogy results for the ‘as received’ concentrate and the two size fractions are shown in 
Table 3.6. 
Table 3.6: Modal mineralogy of the ‘as received’ monazite concentrate and the particle 
size fractions. 
Mineral Chemical Formula 
Weight Percent Abundance 
As Received –75 μm –150 +125 μm 
Monazite-Ce (Ce,La,Nd,Th) (PO4) 94 77 94 
Zircon ZrSiO4 4.4 21 5.1 
Clay Minerals Al2Si2O5(OH)4 0.4 0.2 0.1 
Xenotime-Y YPO4 0.2 0.7 0.1 
Ilmenite FeTiO3 0.2 0.4 0.1 
Rutile TiO2 0.1 0.9 0.03 
Spinels (Zn,Mg)(Al,Cr)2O4 0.1 0.1 0.4 
Quartz SiO2 0.02 0.1 0.02 
Fe oxide/hydroxide FexOy/FeO(OH) 0.01 0.02 0.01 
Other Trace Minerals 0.2 0.4 0.5 
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3.2 Solubility Product Data for Various Metal Hydroxides 
Table 3.7: Solubility product data for various metal hydroxides at 25°C.
1,2 
Metal Hydroxide Oxidation Number log Ksp 
Lanthanum +3 -19.0 
Praseodymium +3 -23.5 
Europium +3 -26.0 
Scandium +3 -31.7 
Yttrium +3 -22.0 
Lead +2 -19.8 
Thorium mixed -47.0 
Uranium mixed -54.5 
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3.3 Data for Radioactive Impurity Removal Scoping Tests 
Table 3.8: Elemental concentrations for the TREE+Y and lead (measured by ICP-OES and ICP-MS) and total counts for radionuclides 
(measured by gamma spectrometry for one hour) in the barium/radium sulfate co-precipitation scoping tests. Total volume measured/assayed 
was 17.5 mL. 
Test ID 
Experimental Conditions Total Counts Concentration (mg L
-1
) 
pH 
Temperature 
°C 
Ba
2+
:SO4
2- [SO4
2-
] 
g L
-1 
228
Ra 
226
Ra 
228
Th 
initial
 
228
Th after 
one year
 
227
Ac TREE+Y 
Elemental 
Pb 
Rare Earth Chloride Liquor 22622 5884 7721 42677 7563 164884 241 
                 pH 
Ra-1 2.0 23 0.9:1.0 10 2673 89 1920 3655 190 169742 85 
Ra-2 3.2 23 0.9:1.0 10 1.7 66 1699 2944 191 167918 94 
Ra-3 4.5 23 0.9:1.0 10 23 69 1091 1864 150 163041 100 
                Temperature 
Ra-4 3.2 70 0.9:1.0 10 38 81 1325 3136 211 170286 20 
                Stoichiometry 
Ra-5 3.2 23 1:10 10 27 81 1452 3391 176 165386 187 
Ra-6 3.2 23 2:1 10 5728 1319 2687 12857 1890 161549 132 
                Sulfate Ion Concentration 
Ra-7 3.2 23 0.9:1.0 1.0 2768 1134 2117 8863 1067 164801 225 
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Table 3.9: Elemental concentrations for the TREE+Y and lead (measured by ICP-OES and ICP-MS) and total counts for radionuclides 
(measured by gamma spectrometry for two hours) in the lead sulfide precipitation scoping tests. Total volume measured/assayed was 10 mL. 
Test ID 
Experimental Conditions Total Counts Concentration (mg L
-1
) 
Sulfide 
Concentration 
(g L
-1
)
a 
Temperature 
(°C) 
228
Ra 
226
Ra 
228
Th 
initial 
228
Th after 
one year
 
227
Ac TREE+Y 
Elemental 
Pb 
Rare Earth Chloride Liquor 66001 6615 18852 27592 9950 164884 241 
                Stoichiometry 
Pb-1 0.5 23 68464 7176 14564 32008 10925 164602 2.8 
Pb-2 2.5 23 61968 6293 15518 30339 9103 156383 176 
Pb-3 5.0 23 33058 3381 8478 16728 5160 82786 4.3 
              Temperature 
Pb-4 0.5 70 65056 6901 12001 28320 10102 161767 1.6 
a – Sulfide concentration relative to the volume of rare earth chloride liquor used in the experiment. 
A.40 
3.4 References 
1. Haynes, W. M., CRC Handbook of Chemistry and Physics. 94th ed.; Taylor and 
Francis Group: Florida, 2013. 
2. Lehto, J.; Hou, X., Chemistry and Analysis of Radionuclides: Laboratory Techniques 
and Methodology. Wiley-VCH: Weinheim, 2011. 
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4.1 Flowsheets 
Simplified flowsheets of some of the processes discussed on page 94 (Chapter Three) are 
shown in Figures 4.1 to 4.5. Reference numbers refer to the reference list in Chapter Three. 
 
Figure 4.1: Oxalate precipitation process employed by Chi and Xu.
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Figure 4.2: Flowsheet of the plant scale demonstration of promethium recovery and 
purification process.
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Figure 4.3: The process investigated by Fareeduddin et al. for the production of 
nuclear-grade thorium nitrate from monazite.
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Figure 4.4: Method proposed by Pearce et al. for the extraction of REE from various 
rare earth-bearing minerals.
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Figure 4.5: Method proposed by Barghusen and Smutz for the processing of monazite 
sands.
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4.2 Leaching Equations for Various Minerals in Hydrochloric Acid 
Equations for the leaching of REE, fluoride and iron from their corresponding minerals are 
shown in Equations 4.1 to 4.3. Reference numbers refer to the reference list below. 
The leaching of bastnasite is described by the following reaction:
1
  
Equation 4.1                      REFCO3 + 3HCl → RECl3 + HF + H2CO3 
The leaching of ilmenite with hydrochloric acid is described by the following reaction:
2
 
Equation 4.2                  FeTiO3 + 2HCl → Fe
2+
 + TiO2 + 2Cl
-
 + 2OH
- 
The leaching of hematite with hydrochloric acid is described by the following reaction:
3
 
Equation 4.3                            Fe2O3 + 6HCl → 2FeCl3 + H2O 
 
4.3 References 
1. Topkaya, Y.; Akkurt, S.; Ozbayoglu, G. Metallurgical Extraction of Rare Earth 
Elements from Beliyahir Complex Ore. In Progress in Mineral Processing Technology 
Demirel, H.; Ersayin, S., Eds. Cappadocia, Turkey, 1994. 
2. van Dyck, J. P.; Vegter, N. M.; Pistorius, P. C., Kinetics of Ilmenite Dissolution in 
Hydrochloric Acid. Hydrometallurgy 2002, 65, 31-36. 
3. Parida, K. M.; Das, N. N., Reductive Dissolution of Hematite in Hydrochloric Acid 
Medium by some Inorganic and Organic Reductants: A Comparative Study. Indian J. Eng. 
Mater. Sci. 1996, 3, 243-247. 
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5.1 Summary of Previous REE, Thorium and Uranium Solvent 
Extraction and Ion Exchange Separation Studies 
Table 5.1: Summary of literature investigations carried out on the separation of REE, 
thorium, uranium, lead and polonium.
*
 
Conditions Elements Comments Reference(s) 
100% TBP/ 
0.63 M HNO3 
REE 
80–95% extraction Ce, La, Nd, Y 
O/A = 2, contact time = 5 mins 
34 
5% TBP/40% TBP 
(in xylene)/ 
4 M HNO3 
Th, U, REE 
Feed: 168 g L
-1
 Th, 131 g L
-1
 RE2O3, 
140 g L
-1
 CeO2, 8 mg L
-1
 U 
> 99.7% Th recovery overall 
unspecified U recovery 
36 
5% TBP/40% TBP 
(in xylene)/ 
3–4 M HNO3 
Th, U, REE 
Feed: 3–6  g L-1 U, 100 – 200 g Th, 
70–250 g REO 
 
38 
19% TBP (in kerosene)/ 
5 M HNO3 
U 
Feed: 3–6  g L-1 uranyl nitrate 
> 95% U extraction 
39, 40 
concentrated TBP 
natural 
radionuclides 
Th, U co-extracted 
Ra, Ac partially extracted 
Th stripped with 5 M HCl, 
U stripped with H2O 
42 
10% TBP (in xylene)/ 
7 M HCl 
Po 85–95% extraction Po 43,44 
30% TBP (in MIBK)/ 
3 M HCl/2 M LiCl 
Pb 
> 99% extraction of Pb in the presence of the 
‘salting-out agent’ LiCl 
70% extraction from 4 M HCl in absence of 
LiCl 
potassium iodide also used for salting-out 
45, 46 
 
 
                                                 
*
 References in this table refer to the reference list in Chapter Five. 
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5.2 Structures of Some Solvent Extraction Reagents and Ion Exchange 
Resins 
Table 5.2: Functional groups and exchange mechanisms of the ion exchange resins 
employed in this thesis. References refer to the reference list at the end of this chapter. 
Resin 
Exchange 
Mechanism 
Functional Group Structure 
AG1
 
anion 
quaternary ammonium 
group attached to styrene 
divinylbenzene copolymer
1
 
  
AG50W cation 
sulfonic acid group 
attached to styrene 
divinylbenzene copolymer
2
 
  
 
CH2N(CH3)3 
 
SO3H
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Table 5.3: Names and structures of some solvent extraction reagents employed for the 
separation of lead, thorium, uranium and/or the REE in the literature.  
Extractant Extractant Type Structure of Extractant 
DEHPA organophosphorus 
 
DDTC anion exchange 
 
Primene-JMT anion 
 
TBP solvation/neutral 
 
 
O P
OH
O
O
N
C
SS
Na+
-
13
NH2
O
P
O
O
O
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Table 5.3: Names and structures of some solvent extraction reagents employed for the 
separation of lead, thorium, uranium and/or the REE in the literature (continued).  
Extractant Extractant Type Structure of Extractant 
TOPO neutral 
 
Versatic-10 cation exchange 
 
 
 
O
P
OH
O
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5.3 Experimental 
 
Figure 5.1: Simplified schematic of the experimental set up employed for ion exchange 
experiments in Chapter Five. Resin masses of up to 5 g were employed. 
 
 
ion exchange column 
8 mm 
20 mL reservoir 
9 cm 
connecting joint 
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5.4 Existing Radiochemical Separation Scheme 
Table 5.4: Elemental concentrations and total masses of elemental components during the 
various stages of the current radiochemical separation scheme (raw data).
3
 
Element 
Concentration (mg L
-1
) 
Feed 
Polonium 
Fraction 
Lead Fraction Uranium Fraction Thorium Fraction 
In Out In Out In Out In Out 
Po-210 na na na na na na na na na 
Pb 12 3.1 3.7 3.7 < 0.1 - - - - 
U 16 4.0 4.7 4.7 1.1 2.13 < 1 - - 
Th 678 190 218 218 48 101 34 192 7.8 
TREE+Y 1399 1457 1726 1726 390 855 305 1727 157 
LREE 2815 1354 1606 1606 364 798 280 1615 312 
MREE 218 68 79 79 17 36 13 70 31 
HREE 1005 82 95 95 21 44 21 86 126 
Vol. 
(mL) 
8.0 28 23 21 90 39 110 18 45 
 
Element 
Mass (mg) 
Feed 
Polonium 
Fraction 
Lead Fraction Uranium Fraction Thorium Fraction 
In Out In Out In Out In Out 
Po-210 na na na na na na na na na 
Pb 0.09 0.09 0.08 0.07 < 0.01 - - - - 
Th 0.12 0.11 0.10 0.10 0.10 0.11 < 1 - - 
U 5.4 5.3 4.9 4.5 4.3 3.9 3.8 3.5 0.35 
TREE+Y 11 10 9.1 8.3 8.2 7.9 7.4 7.4 7.1 
LREE 23 19 18 17 17 15 16 15 14 
MREE 1.7 2.2 2.0 1.9 1.7 1.6 1.6 1.4 1.4 
HREE 8.0 7.1 6.5 6.0 6.3 5.7 6.2 5.7 5.7 
na – Not analysed. 
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5.5 Ion Exchange Data 
Table 5.5: Elemental concentrations and total masses of elemental components in the 
eluents from the AG50W-X4 scoping studies (raw data). 
Resin 
Mass 
(g) 
Element 
Concentration (mg L
-1
) 
Feed Fraction One Fraction Two Fraction Three 
0.8 
U 20 2.6 5.6 0.09 
Th 20 < 0.01 < 0.01 7.4 
Pb 20 11 0.59 < 0.01 
TREE+Y 794 11 4.4 442 
Vol. (mL) 2.4 4.0 6.1 4.1 
1.7 
U 19  < 0.1 0.1 8.4 
Th 19 < 0.1  < 0.1 1.2 
Pb 20 9.6 1.8 0.2 
TREE+Y 837 < 1.5 < 1.9 392 
Vol. (mL) 2.4 3.9 5.7 4.6 
2.4 
U 20 < 0.1 < 0.1 6.1 
Th 20 < 0.1 < 0.1 < 0.1 
Pb 20 4.8 4.2 0.6 
TREE+Y 844 < 1.5  < 1.9 215 
Vol. (mL) 2.4 3.8 5.7 4.5 
 
Resin 
Mass 
(g) 
Element 
Mass (mg) 
Feed 
Fraction  
One 
Fraction 
Two 
Fraction 
Three 
TOTAL 
0.8 
U 0.048 0.010 0.034 0.0004 0.045 
Th 0.048 < 0.00004 < 0.0001 0.030 0.030 
Pb 0.050 0.044 0.004 < 0.00004 0.048 
TREE+Y 1.942 0.045 0.027 1.793 1.866 
1.7 
U 0.047 < 0.0004 0.001 0.038 0.039 
Th 0.047 < 0.0004 < 0.0006 0.005 0.005 
Pb 0.048 0.037 0.010 0.001 0.048 
TREE+Y 2.028 < 0.006 0.004 1.789 1.793 
2.4 
U 0.049 < 0.0004 < 0.001 0.027 0.027 
Th 0.048 < 0.0004 < 0.001 0.0004 0.0004 
Pb 0.048 0.018 0.024 0.027 0.045 
TREE+Y 2.034 < 0.006 0.004 0.963 0.967 
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Table 5.6: Elemental concentrations for eluents from the AG50W-X12 scoping studies 
(raw data). 
Element 
Concentration (mg L
-1
) 
Feed 
Fraction 
One 
Fraction  
Two 
Fraction  
Three 
Fraction  
Four 
    0.8 g of AG50W-X12  
U 26 4.3 12 0.4 < 0.1 
Th 24 < 0.1 < 0.1 < 0.1 < 0.1 
Pb 25 12 0.2 < 0.1 < 0.1 
TREE+Y 895 < 1.4 138 160 14 
Vol. (mL) 2.0 3.8 2.5 8.1 6.0 
    1.4 g of AG50W-X12  
U 24 < 1 14 1.4 < 1 
Th 23 < 1 < 1 < 1 < 1 
Pb 25 10 < 1 < 1 < 1 
TREE+Y 1000 < 15 < 30 185 70 
Vol. (mL) 2.0 4.5 2.6 7.7 6.2 
    2.3 g of AG50W-X12 
U 25 < 0.01 3.4 4.7 0.3 
Th 25 < 0.01 < 0.01 < 0.01 < 0.01 
Pb 26 10 2.7 0.07 0.01 
TREE+Y 982 < 0.2 < 0.2 64 134 
Vol. (mL) 2.0 3.8 2.6 8.1 6.3 
    2.6 g of AG50W-X12 
U 24 < 1 2.8 5.2 < 1 
Th 24 < 1 < 1 < 1 < 1 
Pb 25 9.2 3.7 < 1 < 1 
TREE+Y 1000 < 15 < 15 55 141 
Vol. (mL) 2.0 4.0 2.8 7.8 6.1 
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Table 5.7: Total masses of elemental components in the eluents from the AG50W-X12 
scoping studies (raw data). 
Element 
Mass (mg) 
Feed 
Fraction 
One 
Fraction  
Two 
Fraction  
Three 
Fraction  
Four 
TOTAL 
    0.8 g of AG50W-X12  
U 0.049 0.016 0.029 0.003 < 0.001 0.048 
Th 0.044 < 0.0004 < 0.0003 < 0.001 < 0.001 < 0.001 
Pb 0.046 0.046 0.0005 < 0.001 < 0.001 0.047 
TREE+Y 1.657 < 0.005 0.348 1.292 0.084 1.724 
    1.4 g of AG50W-X12  
U 0.048 < 0.005 0.037 0.011 < 0.006 0.047 
Th 0.047 < 0.005 < 0.003 < 0.008 < 0.006 < 0.001 
Pb 0.050 0.047 < 0.003 < 0.008 < 0.006 0.047 
TREE+Y 2.015 < 0.068 < 0.076 1.428 0.438 1.866 
    2.3 g of AG50W-X12 
U 0.041 < 0.0004 0.006 0.041 < 0.001 0.047 
Th 0.041 < 0.0004 < 0.0003 < 0.001 < 0.001 < 0.001 
Pb 0.046 0.039 0.006 < 0.001 < 0.001 0.045 
TREE+Y 1.988 < 0.008 < 0.006 0.463 1.014 1.478 
    2.6 g of AG50W-X12 
U 0.048 < 0.004 0.008 0.040 < 0.006 0.047 
Th 0.048 < 0.004 < 0.003 < 0.008 < 0.006 < 0.001 
Pb 0.051 0.037 0.010 < 0.008 < 0.006 0.048 
TREE+Y 2.024 < 0.060 < 0.042 0.421 0.859 1.280 
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